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ABSTRACT

Vascular endothelial growth factor receptors (VEGFRS) regulate fundamental
cellular responses such as cell proliferation, survival, and migration, and thus play
key roles in angiogenesis and vascular physiology in higher eukaryotes such as
vertebrates. The intracellular signaling pathways associated with VEGFRs have
been well studied and characterised. However, there is a lack of understanding
of their mechanism of activation. In this study, mammalian cell lines for
tetracycline-inducible expression of VEGFR1, VEGFR2 and VEGFR3 were
developed. A strategy was devised for expression, solubilisation and purification
of VEGFR2. The first negative stain electron microscopy (neg stain-EM)
observation of full-length VEGFR2 produced various negative stain class
averages of VEGFR2 dimer bound to VEGF-A ligand. By biochemical and
structural means, we also unraveled the process of differential activation of
VEGFR2, its modulation on the cell membrane in multiple states against the

previously reported ‘one structure’ model.

Also implicated in cardiovascular disease, lectin-like low-density lipoprotein
receptor-1 (LOX-1) is a member of the scavenger receptor family that binds to
oxidized low-density lipoprotein (OxLDL). It is also proposed to activate
downstream signal transduction that causes pro-atherogenic processes such as
endothelial dysfunction, foam cell formation and apoptosis. LOX-1 does not
recognize the native form of OxLDL, and the mechanism of ligand recognition by
LOX-1 is unknown. Moreover, the structural changes brought about by LDL
oxidation are also unknown. This study revealed that LOX-1 forms higher order
multimers with OxLDL. Using cryo-electron microscopy (cryo-EM), the first 3D de
novo model of the OXLDL particle was proposed. These studies also investigated
the structural differences between native LDL (nLDL) and OxLDL, and identified
that oxidation of LDL causes tighter packing of lipids and unravels hithero
inaccessible binding domains of ApoB-100 (protein component) of the lipoprotein,
which is recognized by LOX-1 receptor. This starts to provide some insight into a

crucial event in the progression of atherosclerosis.
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CHAPTER 1
INTRODUCTION

1. Structure and Function of Membrane Receptors

The membrane that encloses a biological unit such as a cell provides a physical
barrier between the cell interior and the extracellular environment. All eukaryotic
cells have a similar basic membrane phospholipid bilayer with typically 25 A
thickness, embedded with various proteins that help the cell to carry out its
functions. Proteins that are associated with the cell membrane make up about
half the biological mass of the membrane (Freedman, 2012). Some proteins are
bound peripherally to either side of the membrane, whereas other membrane
proteins pass through the membrane bilayer once or more. These integral
membrane proteins serve as a connection between the internal and external
environments of a cell. Membrane proteins are both structurally and functionally
very diverse, and play critical roles in the biology of the cell, from the controlled
physical movement of ions and molecules into or out of the cell (transport) to the
transmission of information (signal transduction) (Chiu, 2012). Membrane
proteins are an important focus of study, as ~70% of current drug targets are
membrane proteins (Bakheet and Doig, 2009), and continue to be key targets for

new drug development (Overington et al., 2006).

Based on their topology within the lipid bilayer, membrane proteins are mainly
classified into two types: membrane-associated peripheral proteins and integral
membrane proteins. Peripheral membrane proteins, also known as extrinsic
proteins, usually adhere to the membrane bilayer via ionic and hydrophobic
interactions with polar headgroups of membrane-associated phospholipids or
indirectly by association with integral membrane proteins. Peripheral membrane
proteins are present on both the extracellular membrane surface and intracellular
cytosolic face (Aridz, 2014). Examples of intracellular peripheral proteins include
actin and spectrin, cytoskeletal proteins primarily involved in shaping the cells,

and protein kinase C which plays a crucial role in signal transduction.



Integral membrane proteins, also known as intrinsic proteins, are transmembrane
proteins that extend across the bilayer either as single a-helix or multiple a-helices
(e.g. G-protein coupled receptors, ligand- or voltage-gated ion channels,
transporters: Fig. 1.1). or as barrels of B-sheets (e.g. bacterial porins) The fold of
integral membrane proteins is such that they traverse the lipid bilayer, typically
with the structure on either side of the membrane exposed to the agqueous phase
(Whitelegge, 2013). Integral membrane receptors can be further classified into
different types based on their structure and function: ion channels, G-protein-
coupled receptors, and enzyme-associated receptors (Fig. 1.1). lon channels
contain multiple transmembrane domains which facilitate passage of ions through
the membrane. Channel opening can be in response to ligands such as
neurotransmitters (‘ligand-gated’ channels such as the nicotinic acetylcholine
receptor (Miyazawa et al., 1999), or to changes in transmembrane electrical
potential (‘voltage-gated’ ion channels, such as the Ky channels (Grizel et al.,
2014). G-protein coupled receptors (GPCRs) are also known as 7
transmembrane domain receptors, since they contain 7 transmembrane a-helices
(Shibuya, 2011a). GPCRs are the largest group of integral transmembrane
receptors that are activated by ligands such including a wide range of
neurotransmitters (including monoamine, catecholamine and peptide), hormones
(such as growth hormone, glucagon) or can be light-sensitive (e.g. rhodopsin-like
receptors) (von Heijne, 2006, Rosenbaum et al., 2009, Kroeze et al., 2003).
Enzyme-linked receptors usually consist of a single transmembrane domain with
an enzyme activity embedded within sequences in the cytoplasmic domain.
Therefore, membrane receptor now becomes an active enzyme itself. Receptor
tyrosine kinases are one such example of membrane receptors with intrinsic
enzymatic activity. Other examples include receptor-like tyrosine phosphatases,
histidine kinase receptors, histidine kinase-associated receptors and receptor

serine/threonine kinases (Waller and Sampson, 2018, Lalan et al., 2011).
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Figure 1.1. Schematic overview of types of membrane proteins. (A) Typical
membrane proteins in cell membrane. Membrane bound integral (intrinsic),
peripheral (extrinsic), and integral bound peripheral membrane proteins. (B)
Overview of types of integral membrane proteins based on their function: lon
channels, G-protein coupled receptors (GPCRs) and enzyme-linked receptors
(RTKS).



1.1. Receptor Tyrosine Kinases (RTKS)

Receptor tyrosine kinases (RTKs) are transmembrane glycoproteins that possess
a cytosolic tyrosine kinase activity and they are key regulators in important cellular
responses such as metabolism, survival, migration, proliferation, differentiation,
motility and organ development (Ullrich and Schlessinger, 1990). There are 90
human genes that encode proteins with tyrosine kinase activity, amongst these
58 genes encode specific RTKs. These can be divided into 20 RTK subfamilies
(Fig. 1.2). RTKs are another major regulatory cell surface signalling entities
similar to G-coupled protein receptors. The RTK families include vascular
endothelial growth factor receptors (VEGFRS), epidermal growth factor receptors
(EGFRs), insulin and insulin-like growth factor receptors (InsR, IGFR), fibroblast
growth factor receptors (FGFRs) and platelet-derived growth factor receptors
(PDGFRs). RTK signalling has been shown to play crucial roles in cancer
development and progression, and are therefore important therapeutic targets
(Schlessinger, 2014).

All RTKs have an overall similar architecture with an extracellular ligand-binding
domain, a single a-helical transmembrane domain, and a cytoplasmic domain that
contains a juxtamembrane region, a tyrosine kinase domain (~300 residues), and
a flexible carboxyl-terminal tail (~100-200 residues) (Figure 1.2). The extracellular
domains in the different RTKs vary within the sub-families, with different binding
motifs that are highly conserved, enabling ligand specificity, recognition and
binding. Ligands can bind to RTKs with high specificity, thereby preventing
unwanted signalling. Most RTKs are postulated to exist as monomers which form
homo- or heterodimers upon ligand binding, leading to conformational changes
that lead to activation of the cytoplasmic domain containing tyrosine kinase
activity. The studies presented in this thesis will mainly focus on VEGFRs and

their ligands.
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Figure 1.2. Schematic of architecture of receptor tyrosine kinases. All 20
RTK subfamilies comprise an extracellular ligand-binding domain, an a-helical
transmembrane domain, juxtamembrane domain, an enzymatic tyrosine kinase
domain and a carboxy terminal tail region. The extracellular domains of RTKs
display relatively high primary sequence variability compared to other domains.
All RTKs are postulated to exist as free monomers except for insulin receptor

subfamily which are preassembled multimers.



1.1.1. Vasculogenesis, angiogenesis, and lymphangiogenesis

The de novo formation of vascular network during embryonic stage is known as
vasculogenesis, whereas angiogenesis describes the sprouting of new blood
vessels from pre-existing ones. Both vasculogenesis and angiogenesis are
dependent upon the regulation by vascular endothelial growth factors (VEGFS)
and their interaction with various membrane receptors expressed on endothelial
cells. Physiological vasculogenesis and angiogenesis are essential features in
embryogenesis (Fig. 1.3). In adults, angiogenesis is involved in tissue
regeneration, vascular remodelling, maintenance and wound healing. However,
abnormal angiogenesis is associated with variety of diseases such as tumour
neovascularisation, rheumatoid arthritis, diabetic retinopathy and age-related
macular degeneration (Overington et al., 2006). The first experimental study that
linked tumour progression or dependency on angiogenesis was conducted in the
late 1930s (Folkman, 2008, Ribatti, 2008, Pezzella et al., 2015) by isolating rabbit
tumour cells and demonstrating that an unknown diffusible substance released
from the tumours stimulated the sprouting of new blood vessels. Later studies
showed that tumours can continuously derive new capillaries from the host blood
vessels (Algire et al., 1945). This established the concept that development of
capillary vascular network around the cancer cells is crucial for growth and
metastasis. As the cancer cells are either dormant or necrotic in the absence of
blood supply, tumour neovascularization triggered by cancer cells stimulates
supply of nutrients and enables metastasis (Tammela and Alitalo, 2010, Stacker
et al., 2014). Hence by supplying nutrients to cancer cells, tumour angiogenesis

is a major contributory factor in growth of various types of cancers.

Lymphangiogenesis on the other hand is the growth and formation of new
lymphatic vessels. This regulates immune function, wound healing and fluid
homeostasis, whereas the dysfunctional lymph vessels are associated with
inadequate immune response and progression of cancer (Tammela and Alitalo,
2010). Similar to angiogenesis, abnormal lymphangiogenesis promoted by
VEGFs lead to enlargement and sprouting of new lymphatic vessels in and around
the cancer cells which promote the metastatic spread of cancer
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Figure 1.3. Vasculogenesis and angiogenesis in health and cancer. (A)
Vasculogenesis requires the aggregation of endothelial progenitor cells
(angioblasts) in the developing embryo, whereas angiogenesis requires the
sprouting of new blood vessels from pre-existing ones. In normal physiology both
vasculogenesis and angiogenesis occur at the same time for neovascularization.
Reproduced from (Llevadot and Asahara, 2002) (B) Under hypoxic conditions,
tumour cells promote stabilisation of hypoxia inducible factor 1a (HIF-1a) which
upregulates VEGF-A synthesis. Increased VEGF-A synthesis and secretion
enables VEGFR-stimulated signal transduction in nearby endothelial cells and
thus tumour angiogenesis. Image reproduced from Llevadot and Asahara, 2002.



(Stacker et al., 2014). Initially it was thought that only blood vessels were directly
involved in metastasis of cancer whereas lymphatic vessels are not involved
directly but have a passive role. Various clinical and experimental studies have
shown that the changes in lymphatic vessels directly promote cancer metastasis
but unlike blood vessels they are not involved in primary tumour growth which is
promoted by angiogenesis (Matsumoto et al., 2013).

Studying the growth factors and cell surface receptors that regulate the
endothelial cell proliferation and migration is important for understanding the
biology of angiogenesis and lymphangiogenesis, and to characterise their
pathological role in cancer. Understanding the underlying molecular mechanisms
of how the endothelial receptors are activated, their structure and regulation of
function has huge significance in improving the diagnosis and therapeutic cancer
treatment (Sini et al., 2006).

1.1.2. Introduction to vascular endothelial growth factor receptors
(VEGFRSs) and their ligands (VEGFs)

The VEGF family has multiple isoforms encoded by each VEGF-related gene,
and there are differences in biological activity within closely related VEGF variants
(Whitelegge, 2013). VEGF ligands bind to VEGFRs which belong to type IV
receptor tyrosine kinase family, there are three VEGFRs, VEGFR1 (historically
known as Flt1), VEGFR2 (KDR, Flk1l) and VEGFR3 (Flt4) (Whitelegge, 2013).
Similar to all RTKs, VEGFRs possess a cytoplasmic tyrosine kinase activity which
regulate the signal transduction for pathways that are linked to proliferation,
migration and metabolism of especially endothelial cells, thereby lead to
vasodilation, blood vessel formation and remodelling (Whitelegge, 2013, Lemmon
and Schlessinger, 2010, Ferrara et al., 2003). Both VEGFR1 and VEGFR2 are
involved in regulation of angiogenesis whereas VEGFR3 is majorly involved in
lymphangiogenesis (Matsumoto et al., 2013, Sini et al., 2006). VEGF genes
encode seven growth factors namely VEGF-A, VEGF-B, VEGF-C. VEGF-D,
VEGF-E, VEGF-F and placental growth factor (PIGF) (Banai et al., 1994, Otrock
et al., 2007). VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PIGF are found in most



metazoan species, whereas VEGF-E is encoded by parapoxvirus and VEGF-E is
found in snake venom (Abraham et al., 2000, Ebos et al., 2004). VEGFs are also
known to interact with some non-RTKs such as heparin sulphate proteoglycans
(HSPGSs), neuropilin-1 (NRP1) and neuropilin-2 (NRP2) (Cebe-Suarez et al.,
2006, Baldwin et al., 2004, Whitelegge, 2013, Fong et al., 1995). All VEGFs are
homodimers stabilised by two disulphide bridges between each monomer (Fig.
1.4).

1.1.2.1. VEGF-A

VEGF-A is also known as vascular permeability factor (VPF). It is usually a
homodimer formed by the arrangement of two anti-parallel VEGF-A monomers
with a receptor binding site at each pole (Olsson et al., 2006). VEGF-A specifically
binds to VEGFR1 and VEGFR2 expressed on endothelial cells, and can also bind
NRP1 and NRP2 co-receptors expressed on the vascular endothelium and
neurons (Hoeben et al., 2004). The pattern of VEGF-A expression is dependent
of the VEGF-A gene which encodes at least 8 exons. Alternative splicing of the
primary RNA transcript can generate at least 9 VEGF-A splice isoforms such as
VEGF-Ai121, VEGF-A145, VEGF-A148, VEGF-A162, VEGF-A165, VEGF-A16s5bh, VEGF-
Aiss, VEGF-A1s9 and VEGF-Azos (Fig. 1.4E) The expression of VEGF-A is known
to be upregulated by hypoxia, p53 gene mutations, thyroid stimulating hormone
and nitric oxide (NO). The VEGF-A promoter is dependent on activation by the
hypoxia inducible factor-1 (HIF-1) which is composed of o and b subunits (Banai
et al., 1994, Takahashi and Shibuya, 2005). All the VEGF-A splice isoforms
stimulate VEGFR tyrosine kinase activity except for VEGFiesb, which has been
was proposed to negatively regulate VEGFR activity (Takahashi and Shibuya,
2005). VEGF-A is the most potent pro-angiogenic growth factor compared to
other VEGFs and the deletion of the VEGFA gene in mice shows embryonic

lethality even with the loss of only a single allele (Carmeliet et al., 1996).
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1.1.2.2. VEGF-B

VEGF-B is encoded by the VEGFB locus and consists of eight exons and six
introns. Alternative splicing of the VEGF-B primary RNA transcript generates two
splice isoforms, VEGF-Bis7 and VEGF-Buss (Fig. 1.4F). These VEGF-B isoforms
only bind to VEGFR1, but not VEGFR2 or VEGFR3. Upon VEGF-B binding and
activation of VEGFR1, it induces poor signalling and found to have negligible
effect in inducing blood vessel growth (Otrock et al., 2007, Grunewald et al.,
2010). The role of VEGF-B is still unclear, but mice lacking a functional VEGFB
locus have smaller hearts, impaired angiogenic response and decreased capillary
density (Abraham et al., 2000). However, VEGF-B is essential for blood vessel
survival (Li et al., 2009).

1.1.2.3. VEGF-C and VEGF-D

There are no known isoforms for VEGF-C and VEGF-D, and both growth factors
are identical at N and C terminals; a feature which is not present in other VEGFs.
They are cleaved by the furin protease via a two-step process (Shibuya, 2011a,
Takahashi and Shibuya, 2005). An initial proteolysis step produces premature
variants which bind and activate both VEGFR2 and VEGFR3. However, these
VEGFs have higher affinity towards VEGFR3 and very low affinity for VEGFR2.
A second proteolysis step produces the mature VEGF forms that have high affinity
for both VEGFR2 and VEGFR3 (Stuttfeld and Ballmer-Hofer, 2009). VEGF-C is
essential for the sprouting of lymphatic vessels from embryonic vein, thereby
crucial in lymphangiogenesis. However, it is also involved in promoting
lymphangiogenesis in various types of cancers (lkeda et al., 2014). In VEGF-C
knockout mice, embryo lymphatic lineage was observed but development of
lymphatic vessels were not seen, with embryonic lethality at a late stage due to

lack of lymphatic vessels (Karkkainen et al., 2004).

Similarly, mature VEGF-D binds to both VEGFR2 and VEGFRS3, therefore
promotes both angiogenesis and lymphangiogenesis. Expression of VEGF-D by
cancer cells is known to promote metastasis (Stacker et al., 2001). There are no

known isoforms for VEGF-D, it is present in most tissues but more adequately in
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skin and lungs. Interestingly, out of all the VEGFs expressed in humans, VEGF-
D is the only growth factor that is dispensable, as VEGF-D knockout mice were
healthy, fertile with normal body mass and no abnormalities in lymphatic vessel

development or function were observed (Baldwin et al., 2005).

1.1.2.4. PIGF

Placental growth factor (PIGF) is predominantly expressed in placenta. The
human PIGF gene has 7 exons, with alternative RNA splicing producing four
isoforms such as PIGF-1 (PIGFi31), PIGF-2 (PIGF1s2), PIGF-3 (PIGF203) and
PIGF-4 (PIGF224) (Fig. 1.4F). All isoforms of PIGF recognize and bind to VEGFR1,
but not VEGFR2 and VEGFRS3 (Autiero et al., 2003, Otrock et al., 2007). Deletion
of PIGF impairs angiogenesis, inflammation and wound healing (Carmeliet et al.,
2001, Autiero et al.,, 2003). However, PIGF upregulation is associated with

pathological angiogenesis (Odorisio et al., 2002).

1.1.2.5. VEGF-E

The VEGFE gene is absent from animal species but is found in parapoxvirus
which infects sheep but rarely infects humans. VEGFE encodes four splice
isoforms VEGF-Enz-2, VEGF-Enz-7, VEGF-Enz-10, and VEGF-Ebi7o1, which all only
bind to VEGFR2 and act as pro-angiogenic factors by promoting pathological
angiogenesis in sub-cutaneous lesions infected by the virus (Kiba et al., 2003).
Even though VEGF-E selectively binds to VEGFR2, the amino acid sequence of
VEGF-E is less than 25% identical to VEGF-A (Cebe-Suarez et al., 2008). Unlike
VEGF-A, all isoforms of VEGF-E selectively bind to VEGFR2 but not VEGFRL1.
Thus, VEGF-E isoforms have the potential to be candidates for selectively

targeting VEGFR2-specific responses towards pro-angiogenic therapy.

1.1.2.6. VEGF-F

VEGF-F is found in Trimereserus flavoviridis snake venom but not expressed in
humans. VEGF-F has no isoforms and selectively binds to VEGFR2, which leads
to vascular permeability but very weak cell proliferation. The sequence of VEGF-
F is ~50% identical to that of VEGF-A (Shibuya, 2011a). VEGF-F is however more
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Figure 1.4. Structures of VEGF ligands and splice variants. Homodimer
structures of (A) VEGF-A (PDB ID:1FLT), L1, L2 ans L3 are the loops involved in
binding contacts with VEGFRs, (B) VEGF-B (PDB ID: 2XAC), (C) PIGF (PDB ID:
1PDG) and (D) VEGF-C (PDB ID: 1PDG). Each VEGF has one a-helix and 7 3-
sheets. The homodimeric complex is stabilised by two disulphide bridges between
two monomers (red ball and stick represented in circles). (E) Alternative splicing
of VEGFA primary RNA transcript can produce at least 9 isoforms if VEGF-A. (F)
VEGF-B can exist as two isoforms and PIGF can exist as four isoforms.
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potent than VEGF-A, with both in vivo and in vitro studies having shown that the
heparin-binding domain at the C-terminus of VEGF-F competitively inhibits
VEGF-A binding to VEGFR2 (Takahashi et al., 2004).

1.1.2.7. VEGFR1

The first identification of a VEGF-specific receptor was VEGFR1 (fms-like tyrosine
kinase, FItl). Human VEGFR1 contains 1312 amino acids (Table 1.1), is
glycosylated, and the mature VEGFR1 protein is ~180 kDa in size. This protein is
relatively widely expressed in the endothelium, epithelial tissues, immune and
nervous systems and is present on tumour cells (de Vries et al., 1992). VEGFR1
expression is upregulated by hypoxia involving the HIF-1 complex (Ramakrishnan
et al., 2014). The VEGFR1 promoter also contains a hypoxia-responsive element
(HRE) sequence which enables HIF-1a binding and control of VEGFR1 gene
expression (Gerber et al., 1997). VEGFRL1 binds all isoforms of VEGF-A, VEGF-
B, and PIGF with ~10-20 picomolar affinity (Kq) (Fig. 1.5). VEGFR1 knockout mice
exhibit embryonic lethality and die in mid-gestation due to abnormal blood vessel
formation and excessive endothelial cell proliferation (Baldwin et al., 2004, Fong
et al., 1995). Interestingly, VEGFR1 kinase domain-defective mice showed
normal development and angiogenesis with no vascular defects (Hiratsuka et al.,
1998). There is an alternative soluble form (soluble VEGFR1, sFlt1) of VEGFR1,
a splice variant which acts as an inhibitor for VEGFR activity (Ferrara et al., 2003).
The soluble splice variant acts as a decoy receptor and a negative regulator for
VEGFR2 by binding to VEGF-A, thereby decreasing local concentrations of
growth factor and limiting VEGF-A binding to VEGFR2 (Takahashi and Shibuya,
2005). Soluble VEGFR1 is also involved in maintaining the photoreceptor

avascular area in the eye, further discussed in section 1.1.6.2.

1.1.2.8. VEGFR2

Human VEGFR2 (KDR/FIk-1) contains 1337 amino acids (Table. 1.1) and the
molecular mass of immature non-glycosylated VEGFR2 is ~160 kDa. Mature
VEGFR2 is 200-230 kDa, heavily glycosylated and largely expressed in vascular
and lymphatic endothelial cells. VEGFR2 binds to all isoforms of VEGF-A, VEGF-
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C, VEGF-D, and VEGF-E with relative high binding affinity (Fig. 1.5). VEGFR2
affinity towards VEGF-A is ~75-125 pM which is much higher compared to other
VEGFs it binds to. However, VEGFR2 has 5-10-fold lower affinity for VEGF-A
when compared to VEGFR1. VEGFR2 is considered as the predominant
mediator of physiological and pathological angiogenesis as it mediates the
angiogenic and vascular-permeability enhancing effects of VEGF-A (Ferrara et
al., 2003). VEGFR2 knockout mice die mid-gestation with no organised blood
vessels observed in the embryo which are normally seen at mid-gestation period.
This unlike VEGFR1 KO mice, where an abnormal vascular network development
was observed (Shalaby et al., 1995, Fong et al., 1995).

A soluble form of VEGFR2 (sVEGFRZ2) has been identified in mouse and human
plasma (Ebos et al., 2004). The distinct function of SVEGFR2 is still unclear,
although recent studies suggest a connection between breast cancer and
SVEGFR2 levels; higher levels of sSVEGFR2 in plasma could increase the breast

cancer risk (Harris et al., 2016).

1.1.2.9. VEGFR3

Mature VEGFR3 (FLT-4) is ~195 kDa in size and has very high affinity towards
VEGF-C and VEGF-D (Fig. 1.5). VEGFR3 contains 1339 amino acids but
undergoes cleavage with Ig-like domain D5 in the ER into 2 chains which are
subsequently re-attached by a single disulphide bond. Unlike VEGFR1 and
VEGFR2, VEGFR3 is predominantly involved in lymphangiogenesis and not
known to play significant role in angiogenesis. Mouse deficient for VEGFR3
resulted in defective blood vessel formation in mouse embryos. Even though
vasculogenesis and angiogenesis were observed in VEGFR3 KO mice, vessels
were abnormally organised with defective lumen which resulted in cardiovascular
failure of the embryo (Dumont et al., 1998). Similar to VEGFR1 and VEGFR2,
VEGFR3 exists in a soluble variant (Harris et al., 2016). sSVEGFR3 is known to be
expressed in corneal endothelial cells; the truncated VEGFR3 (sVEGFR3) in
cornea has anti-lymphangiogenic properties and binds both VEGF-C and VEGF-

D therefore could act as a decoy receptor for both ligands. This could block the
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Figure 1.5. Schematic representation of VEGFR membrane protein structure
and ligand-binding specificity. VEGFR1 and specific ligands (orange),
VEGFR2 and specific ligands (grey), and VEGFR3 and specific ligands (green).
Ligands shown in other colours bind to more than one VEGFR. In VEGFR3, the
5t extracellular Ig-like domain is cleaved and attached to the rest of the chain with
a disulphide bond. VEGFR1 and VEGFR2 can form heterodimers, whereas
VEGFR3 can form heterodimers with VEGFR2. VEGFR1 and VEGFR2 play a
major role in angiogenesis, whereas VEGFR3 is mainly involved in
lymphangiogenesis



16

lymphangiogenesis promoted by VEGFR3 signal transduction (Singh et al.,
2013). sSVEGFR3 is also involved in supressing allosensitization and promoting

survival of corneal allografts (Emami-Naeini et al., 2014).

1.1.3. Structural features of VEGFR domains

1.1.3.1. VEGFR extracellular domains

VEGFRs that are inactive are thought to be in a monomeric state. However, using
ligand binding studies (Emami-Naeini et al., 2014) and mathematical modelling,
Harris et al. (Harris et al., 2016) postulated the presence of both free monomers
and non-activated or resting dimers. Conventionally, VEGF binding to VEGFR
extracellular domain is postulated to trigger dimer formation, tyrosine kinase
activation and downstream signalling, similar to other RTKs (Whitelegge, 2013).
The extracellular domain of VEGFRs are similar with seven Ig-like domains which
are primarily involved in ligand binding, except in VEGFR3, where domain D5 is
cleaved and reattached via a disulphide bridge (Fig. 1.5). Ligand interaction with
VEGFR extracellular domains and their dimerisation has been extensively studied
using various structural methods. Crystal structures of various Ig domains of
soluble VEGFRs with or without bound VEGF have been solved (Table. 1.2).
Ballmer-Hofer and colleagues have recently produced a high-resolution structure
of soluble VEGFR1 bound to VEGF-A: this structure now reveals how ligand-
induced dimerisation in VEGFR1 mediated by domains D1 and D2 leads to
homotypic interactions between D4, D5, and D7 (Emami-Naeini et al., 2014). In
case of both VEGFR1 and VEGFR2, domains D2 and D3 are crucial in ligand
recognition and binding, which enables the transmission of conformational
changes towards the cytoplasmic domain which activate the tyrosine kinase
(Ruch et al., 2007b, Emami-Naeini et al., 2014). Binding of VEGFR3 to VEGF
ligand is similar with binding sites involving contacts with residues lying between
D1 to D3; furthermore, structural rearrangements and contacts between D4 and
D7 domains of dimers are crucial for VEGFR3 tyrosine kinase activation

(Leppanen et al., 2013).
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1.1.3.2. VEGFR transmembrane domains

The transmembrane domain of VEGFRs is a-helical and hydrophobic in nature,
consisting of 21 residues for VEGFR1 and 22 residues for both VEGFR2 and
VEGFR3. These a-helices pass through the lipid bilayer and VEGFR activation is
postulated to be dependent upon the orientation of transmembrane a-helices,
which also influences the stability of VEGFR complex (Singh et al., 2013).
Ballmer-Hofer and colleagues demonstrated an increase in VEGFR2 tyrosine
kinase activity caused by mutations of two amino acids (G770E and F777E) in
transmembrane domain; using NMR they detected ~180° rotation (i.e helix spin
around its own axis) of the mutant VEGFR2 transmembrane domain compared to
inactive wild-type (Karkkainen et al., 2004, Singh et al., 2013). Such evidence
further supports the view that the orientation and conformational changes in the
extracellular Ig-like domains triggered by VEGF binding causes substantial
rotational changes in transmembrane domain which further influences the
rearrangement of cytoplasmic domains relative to each other within an active
receptor dimer. In other words, the growth factor binding signal is transmitted from
outside to inside via conformational changes that involve changes in position of
the TM helices.

1.1.3.3. VEGFR cytoplasmic domains

The cytoplasmic domain of each VEGFR has a juxtamembrane domain (JMD),
followed by a split tyrosine kinase domain (~300-330 residues) followed by a
flexible C-terminal tail or carboxy terminus (Hubbard, 1999, Stuttfeld and Ballmer-
Hofer, 2009). The JMD is present immediately after the transmembrane domain
and although its function is unclear, it is implicated in activation and inhibition of
tyrosine kinase activity (Gille et al., 2000), replacing the JMD of VEGFR1 with
JMD of VEGFR2 caused significant increase in VEGFR1 tyrosine kinase activity.
This further demonstrated the difference in role of JMD in tyrosine kinase
activation of each RTK (Baldwin et al., 2005).

The tyrosine kinase domain of VEGFRs consists of approximately 300-330

residues with a typical ‘split’ configuration into N- lobe, and C-lobe, similar to most
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RTKs. Crystal structures of tyrosine kinase of VEGFR2 with various tyrosine
kinase inhibitors (TKIs) has been resolved by various groups (Table. 1.2). The
resolved kinase structures of VEGFR2 showed ATP binding core within the
juncture of N- and C- lobes which is in common with other RTKs (Fig. 1.6A)
(Felmeden et al., 2003, Chen et al., 2002). The N- lobe mainly consists of an a-
helix (aC), five anti-parallel B-sheets (B1-B5), and a glycine-rich region (841-846)
with a hydrophobic residue (F845) close to ATP-binding pocket. The C-lobe is
larger in comparison to N-lobe and it consists of seven a- helices (aD-al and aEF),
four B-sheets (B6-p9), a catalytic loop and an activation region. The catalytic loop
contains a conserved HRP motif (residues 1026-1028), whereas the activation
loop starts with conserved DFG motif (residues 1046-1048) and ends with APE
motif (residues 1073-1075). For most protein kinases, the DFG and APE motifs
in the activation loop regulates protein kinase activity. VEGFR2 also contains a
key signature KEDD (K868-E885-D1028-D1046) residues which regulate the
tyrosine kinase activation and inhibitor binding (Boocock, 1990) (Fig. 1.6A and
1.6B). There is very limited information on how the kinase is activated in VEGFR1
and VEGFR3 as the kinase structures are not yet resolved. There are various
tyrosine specific-phosphorylation sites spread throughout the cytoplasmic domain

which regulate different downstream signalling activities.
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Figure 1.6. Representation of VEGFR2 kinase domain. (A) Crystal structure of
VEGFR2 kinase, N lobe is shown in grey, C-lobe in brown, the hinge region which
connects the N and C lobes is shown in green, catalytic loop in magneta and the
activation loop in blue with conserved DFG motif of activation segment in red.
Both a-helices and B-sheets are labelled from aC-al and 31-B5 respectively. (PDB
code : 4AGD). (B) Schematic representation of inactive VEGFR2 kinase showing
hinge region (green), catalytic loop (magneta), activation loop (blue) and ATP
binding domain.
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Table 1.1. Peptide length homology information of different domains of VEGFRSs.
(source: uniprot)

Details VEGFR1 VEGFR2 VEGFR3
Swiss UniProt ID P17948 P35968 P35916
Full length 1338 1356 1363
Signal peptide 26 (1-26) 19 (1-19) 24 (1-24)
Receptor chain 1312 (27-1338) | 1337 (20-1356) | 1339 (25-1363)

Extracellular domain 732 (27-758) 745 (20-764) 751 (25-775)

Igl 92 (32-123) 65 (46-110) 98 (30-127)

Ig2 64 (151-214) 67 (141-207) | 63 (151-213)
Ig3 98 (230-327) 97 (224-320) | 108 (219-326)
g4 87 (335-421) 87 (328-414) | 85 (331-415)
Ig5 126 (428-553) | 128 (421-548) | 131 (422-552)
Ig6 99 (556-654) | 110 (551-660) @ 117 (555-671)
Ig7 87 (661-747) 87 (667-753) | 87 (678-764)

Transmembrane

domain 22 (759-780) 21 (765-785) 21 (776-796)

Cytoplasmic domain | 558 (781-1338) | 571 (786-1356) | 567 (797-1363)
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Table 1.2. Relevant details for high-resolution VEGFR/VEGF complex structures

available on Protein Database (PDB).

PDB Resolution

Complex Code A) Domains Method Reference
VEGFRINEGF-  1FLT 1.7 Domain 2 X-ray (Wiesmann
A diffraction | et al., 1997)
VEGFR1/VEGF- 1QTY 2.7 Domain 2 X-ray (Park et al.,
A diffraction 2012)
VEGFR1/PIGF | 1RV6 2.45 Domain 2 Xray  (Christinger
diffraction | et al., 2004)
VEGFR1/VEGF- 2XAC 271 Domain 2 X-ray (Iyer et al.,
B diffraction 2010)
VEGFR1/VEGF- 5789 4 Domain 1-6 X-ray (Markovic-
A diffraction | Mueller et
VEGFR2 3KVQ 2.7 Domain 7 K-ray (Yang et
diffraction | al., 2010b)
VEGFR2/VEGF- 3V2A 3.2 Domains 2 & 3 X-ray (Brozzo et
A diffraction | al., 2012)
VEGFR2/VEGF- 2X1W 2.7 Domains 2 & 3 X-ray (Leppanen
C diffraction | et al., 2010)
VEGFR2/VEGF- | ox1x 31 Domains 2 & 3 X-ray (Leppanen
C in tetragonal diffraction | et al., 2010)
VEGFR2 1VR2 2.4 Kinase Domain X-ray | (McTigue et
Kinase Domain diffraction | al., 1999)
VEGFR2/VEGF- 3V6B 3.2 Domains 2 & 3 X-ray (BI’OZZO et
E diffraction | al., 2012)
VEGFR2 SMEU ) Transmembrane NMR (Karkkainen
mutant dimeric domain et al., 2004)
VEGFR2 2M59 ) Transmembrane NMR (Karkkainen
dimeric domain et al., 2004)
VEGFR3/VEGF- 4BSK 4.2 Domains 1 & 2 X-ray (Leppanen
C diffraction | et al., 2013)
VEGFR3ECD | 4BSJ 2.5 Domains 4 &5 | Xray | (Leppanen
diffraction | et al., 2013)
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1.1.4. Mechanism of activation of VEGFRs

Many structural studies have been performed on VEGFRSs, including using x-ray
crystallography, NMR and single-particle electron microscopy (Table. 1.2).
However, no full-length structure is determined. Therefore, using the structural
information of ECD and kinase domains, it was postulated how ligand binding to
extracellular g domains and the conformational changes in the extracellular
domain leads to catalytic activation and phosphorylation of tyrosine residues. All
individual Ig domain structures determined by x-ray crystallography show
interaction between a dimeric ligand and receptor interactions to form 1:1 complex
at domains 2 and 3 (Fig. 1.7A), and the recently reported VEGFR-1/VEGF-A ECD
structure revealed the interaction of three loops of VEGF-A (L1, L2 and L3) (Fig.
1.4A) to D2 and D3 domains VEGFR-1, it also revealed that homotypic receptor-
receptor interactions between domains D4, D5 and D7 are essential to carry the
signal downstream (Imoukhuede and Popel, 2012). In VEGFR2, Ballmer-Hofer
and colleagues were successful in inhibiting ligand binding, receptor dimerization,
and finally kinase activation by isolating designed ankyrin repeat proteins
(DARPIns) that interact with D2 and D3 (Hyde et al., 2012a). These DARPins
specific for VEGFR2 D4 and D7 domains were able to block tyrosine kinase
activation and RTK signalling but did not prevent ligand binding and RTK
dimerisation (Jopling et al., 2014). Ligand-induced dimerisation and torsional
changes in the extracellular domain bring the kinase domain into active
orientation through allosteric effects, with both N and C lobes opening with respect
to each other and giving ATP access to the cleft located between the N- and C-
lobes. In the cleft, the adenine ring of ATP form hydrogen bonds with hinge region
of the tyrosine kinase; the ribose and triphosphate moieties form hydrogen bonds
with the conserved DFG and APE motifs essential for regulating kinase activity.
The activation loop also plays a crucial role in unblocking the substrate-binding
site, thereby leads to active conformation of kinase and phosphorylation of
tyrosine residues (Mittar et al., 2009). This demonstrates the specific role of each
domain, their importance, and how they are interconnected to finally activate the
enzyme activity of the RTK.
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Figure 1.7. Generic representation of VEGFR signal transduction. (A)
Schematic representation of mechanism of VEGFR activation and downstream
signalling pathways. A covalently linked VEGF dimer (yellow) binds to second and
third extracellular 1gG like domains of VEGFR that leads to dimerisation of
receptors with homophilic contacts between IgG-like domains 5 and 7. The
complex is also stabilised with additional contacts at transmembrane and
juxtamembrane regions that leads to phosphorylation of various tyrosine kinase
residues which trigger downstream pathways such as Ras-Raf-MEK-Erk
pathway, p38-MAPK pathway and PI3K-Akt pathway. (B) Various tyrosine
residues that undergo phosphorylation in each VEGFR.
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1.1.5. Phosphorylation and signal transduction by activated VEGFRs

The activated VEGFRs recruit and phosphorylate adaptors and enzymes that
regulate a wide variety of cellular and biological responses in different cells and
tissues. Similar to all other RTKs, VEGFRs have tyrosine autophosphorylation
sites that act as recognition motifs for signalling mediator proteins, and hence are
important for downstream signalling. Even though VEGFR1 is postulated as a
negative regulator of VEGF-A mediated signal transduction, it undergoes
phosphorylation at specific tyrosine sites (Y794, Y1169, Y1213, Y1242, Y1309,
Y1327 and Y1333) that allows binding of adaptor proteins (such as SH2 domain
proteins) and phospholipase PLCy1 (Fig. 1.7B) (Sawano et al., 1997, Igarashi et
al., 1998a, Igarashi et al., 1998b, Hainfeld et al., 1999). Recruitment of
phospholipase PLCy1l to the plasma membrane triggers PIP2 hydrolysis to IP3
(causing cytosolic calcium ion flux) and DAG (which activates protein kinase C,
PKC). These tyrosine phosphorylation sites are present within different regions of
the cytoplasmic domain of VEGFRL1.

VEGFR2 is major RTK which is involved in promoting VEGF-A regulated
angiogenesis. Activated VEGFR2 exhibits tyrosine phosphorylation at Y801,
Y951, Y996, Y1054, Y1059, Y1175, Y1214, Y1223, Y1305, Y1309 and Y1319
(Fig. 1.7B). The VEGFR2-Y801 phosphorylation site is present in the JMD, and
other phospho-epitopes such as Y951, Y996, Y1054 and Y1059 are located
within the kinase domain, whereas the remaining phosphotyrosine sites lie within
the ~200 residue C-terminal flexible tail region. Phosphorylation of VEGFR2-Y801
within the JMD is postulated to be an initial step in tyrosine kinase activation
(Hainfeld et al., 1999). Furthermore, generation of the VEGFR2-pY801 epitope is
linked to phosphatidylinositol 3-kinase (PI3K) and protein kinase B (PI3K/Akt)
signalling, and downstream activation of endothelial nitric oxide synthase (eNOS)
(Blanes et al., 2007). The appearance of the VEGFR2-pY1059 epitope is linked
to cytosolic Ca?* ion rise, MAPK activation and endothelial cell proliferation,
whereas the appearance of the VEGFR2-pY951 epitope is linked to endothelial
cell migration (Zeng et al.,, 2001). The appearance of the VEGFR2-pY1175
epitope within the C-terminal tail is a key signature of VEGF-A binding to
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VEGFR2, and this epitope directly enables the recruitment of PLCy1 via SH2-
domain-mediated recognition. Recruitment of PLCy1 to the plasma membrane
leads to PIP2 hydrolysis, and one consequence is activation of the MAPK pathway

linked to cell proliferation (Sase et al., 2009a).

VEGFR3 plays a major role in lymphangiogenesis. Activation of VEGFR3 leads
to phosphorylation on residues Y1063, Y1068, Y1230, Y1231, Y1265, Y1337 and
Y1363 (Fig. 1.7B). Phosphorylation sites Y1063 and Y1068 are located within the
tyrosine kinase domain whereas the remaining phosphotyrosine residues are
present within the flexible C-terminal tail region. Similar to VEGFR1 and VEGFR2,
activation and tyrosine phosphorylation of VEGFR3 can activate PI3K/Akt, PKC
and MAPK signal transduction pathways (Olsson et al., 2006).

1.1.6. VEGFRs and ligand are linked to disease states

Expression of VEGFRs and their ligands are linked to various types of disease
states, primarily cancer, some forms of blindness and inflammatory conditions;
increasingly, such links are also evident in neurodegenerative pathologies. As
VEGFRs are also associated with neuronal development, especially VEGFR1

and VEGFR2, which play a divergent role in embryonic neurogenesis

1.1.6.1. Involvement of VEGF signalling in cancer

In healthy humans, VEGF-related ligands are primarily involved in physiological
angiogenesis: a hypoxic environment can trigger the expression of VEGF-A and
specific VEGFRs. This promotes the ‘angiogenic switch’ which results in
endothelial cell proliferation and migration to form new blood vessels, which
creates a microenvironment around tumours and cause them to grow

exponentially beyond their minimal size.

Blood vessels promoted by tumour cells have a distinct morphological feature and
abnormal pattern when compared to normal blood vessels (Viallard and Larrivée,
2017). They don’t contain vascular smooth muscle cells (VSMCs) and reported to
have a disorganised and immature vascular network with dilated lumen, high

permeability and excess hypoxia. This is caused by abnormal levels of VEGF-A
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Table 1.3. List specific VEGFRs involved various cancer types and their

progression.

Cancer type Receptor Other RTKs Reference
Non-small cell lung | VEGFR1, = EGFR, FGFR, (Eérr)ggd;re]é?zli’tiﬁoclaf'
cancer (NSCLC) VEGFR2 PDGFR, ALK 2013) ger,
VEGFR1, EGFR, PDGFR, :
Pancreatic cancer VEGFR2, c-KIT, IGFR, (éﬁllfeett;l"zzoollé)’
VEGFR3 RON v
Renal cell VECIARL, | oreer mepn, | VOIS CEMERED
carcinoma (RCC) UG, MET, KIT AxI al., 2019, Hisieh et
VEGFR3 ’ al., 2017)
VEGFR1, (Cabanillas and
Thyroid cancer VEGFR2, PDR?EEI'R’CI-ZISER’ Habra, 2016,
VEGFR3 ’ Corrado et al., 2017)
(Lin et al., 2016,
Oral cancer MBS EGFR, FGFR Hwang-Bo et al.,
VEGFR2
2016)
Hepatocellular VEGFR1 and (Longo et al., 2017,
carcinoma (HCC) VEGFR2 PDGFR, Raf Meng et al., 2017)
Gastrointestinal VEGER? EGFR, PDGFR, (Lian et al., 2019,
tumour c-MET, IGFR Scott, 2018)
Chronic myeloid VEGER? KIT, RET, TRK, (Lakkireddy et al.,
leukemia (CML) FGFR 2016)
EGFR, IGFR, (Zhu and Zhou,
Breast cancer VEGFR2 PDGFR, FGFR 2015)
VEGFR1, EGFR, IGFR, (Bhattacharya et al.,
Colorectal cancer VEGFR2, KIT, TRK, c- 2017, Zhu et al.,
VEGFR3 MET 2016)
Glioblastoma VEGFR2, | EGFR,MET, =~ [Weatersandde
multiforme VEGFR3 RET, KIT » €979, £hang

et al., 2010)
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and VEGFRs in tumour cells, therefore VEGF-A/VEGFR signalling axis is
involved progression of numerous cancers such as pancreatic cancer, metastatic
renal-cell cancer, breast cancer, oral cancer, thyroid cancer and lung cancer
(Table. 1.3) (Lin et al., 2016, Costache et al., 2015, Choueiri and Motzer, 2017,
Srabovic et al., 2013, Kilic et al., 2016).

1.1.6.2. Age-related macular degeneration (AMD)

SVEGFR1 expressed in photoreceptor cells play a crucial role in maintaining the
avascularity of the cornea and retina in the eye. There is evidence that suggests
that the decrease in SVEGFR1 levels in photoreceptor cells leads to increased
free VEGF-A which stimulates VEGFRs and pathological angiogenesis (Shibuya,
2014). Abnormal angiogenesis promoted by VEGF/VEGFR system in oedema of
retina causes age-related macular degeneration (AMD), a progressive chronic
disease and leading cause of irreversible age-related blindness in elderly people
(Shao et al., 2016, Yang et al., 2016).

1.1.6.3. Amyotrophic lateral sclerosis (ALS)

In contrast, recent studies performed using cell culture and rodent models
suggest a link between VEGF-A levels and amyotrophic lateral sclerosis (ALS), a
progressive neurodegenerative disorder in adults. In cell culture, VEGF-A has
shown to protect motor neurons against stimuli which promote the pathogenesis
of ALS (Tolosa et al., 2008). In transgenic rodent models, VEGF-A has also
shown neuroprotective effects, thereby delaying the disease (Tovar-y-Romo et
al., 2007, Zheng et al., 2004). However the evidence in human case studies is
less compelling, and more research is needed to conclusively establish the role
of VEGF-A in ALS (Sathasivam, 2008). Also, there is increasing evidence that
suggest the effect of VEGF-A on neurons that regulate axon guidance, axon

growth, neuron migration and survival.

1.1.6.4. Multiple sclerosis (MS)
Multiple sclerosis (MS) is a chronic autoimmune inflammatory neurological

disease that affects the central nervous system (CNS). In the CNS, tight
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regulation of endothelial cell properties is vital for the functioning of the blood brain
barrier (BBB) function. Alteration of BBB permeability is one of the pathological
hallmarks in MS. The role of angiogenesis in abnormal blood brain barrier is still
unclear (Lengfeld et al., 2014). However, there is enough evidence that suggest
VEGF-A is one such factor that promotes BBB permeability, amongst other
factors such as tumour necrosis factor-a (TNF-a) and interferon-y (IFN-y)
(Girolamo et al., 2014).

Disruption of BBB permeability triggers the infiltration of lymphocytes,
macrophages and various mediators into CNS. The migration of monocytes is in
response to VEGF-A-mediated VEGFR1 activation (Barleon et al., 1996). The
attack of immune cells on oligodendrocytes cells of CNS also suggest that
angiogenesis play a vital role in progression of MS (Girolamo et al., 2014). MS
lead to severe physical and mental hindering that lead to disabilities in adults. In
most cases it start as a reversible cognitive incapacitation, this often lead into

severe progressive degeneration (Ghasemi et al., 2017, Goldenberg, 2012).

1.1.6.5. Parkinson’s disease (PD)

Parkinson’s disease is a neurodegenerative disorder which is characterised by
degeneration of dopamine generating neurons in the substantia nigra. Patients
with PD suffer with dementia and psychological issues (Poewe et al., 2008). The
mechanisms that lead to neurodegeneration in PD still remain unclear (Carmeliet
and de Almodovar, 2013). However, dysfunctional BBB and alteration of blood
vessels are reported to be crucial factors that promote PD (Janelidze et al., 2015).
Low levels of VEGF-A and VEGF-B are known to exhibit neuroprotective effects
in PD. However, overexpression of VEGF-A was reported in the substantia nigra
of patients with PD (Wada et al., 2006). As we know that VEGF-A levels can
promote neurogenesis, one possibility is that the upregulation of VEGF-A
expression in the substantia nigra is to promote neurogenesis by vascular
remodelling (Wada et al., 2006).
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1.1.6.6. Alzheimer’s disease (AD)

Similar to ALS and PD, Alzheimer’s disease (AD) is a neurological disorder
associated with dysfunctional BBB. AD is the most common of all neurological
disorders which lead to decline in consciousness and loss of memory in elderly
people. The gradual deposition of (-amyloid peptide (AB) caused by
neurofibrillary tangles (NFT) and senile plagues in brain parenchyma is the main
characteristic in pathology of AD (Weller and Budson, 2018, Schachter and Dauvis,
2000). In patients with AD, the VEGF-A levels in plasma is found to be higher
compared to healthy individuals (Cho et al., 2017). Both VEGFR1 and VEGFR2
are known to be expressed in neurons (Jin et al., 2002, Navaratna et al., 2009).
The study conducted by Harris and colleagues showed an AD-associated decline
in VEGFRL1 expression but a rise in SVEGFR1 levels; however VEGFR2 levels
remained unchanged (Harris et al., 2018). It is still unclear whether the elevated
VEGF-A levels activate the VEGFR1 and contribute towards impaired
angiogenesis. Interestingly, the AR peptide competes with VEGF-A to directly
recognise and bind to the extracellular domain of VEGFR?2 in vitro, thereby acting
as an antagonist for VEGFR2 with anti-angiogenic activity (Patel et al., 2010).
However, the molecular mechanism of anti-angiogenic characteristics of A is still

unknown.

1.1.6.7. Other diseases

Increased VEGF-A expression is also associated with progression of
osteoarthritis: this comprises of conditions such as cartilage degeneration,
subchondral bone cysts, bone sclerosis and synovitis (Hamilton et al., 2016).
Angiogenesis promoted by VEGF/VEGFRs is also involved in various other
diseases such as pre-eclampsia, rheumatoid arthritis, psoriasis, systemic lupus

erythematosus and proliferative retinopathy (Felmeden et al., 2003).

1.1.7. VEGFR targeted treatments in cancer
As described earlier in section 1.1.1, angiogenesis is not only a physiological
process but also contribute to pathological conditions such as tumour growth and

progression. Therefore, targeting the pro-angiogenic output that promotes cancer
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is crucial in cancer therapy. Various methods are being employed to tackle cancer
therapy; however, few approaches can successfully and selectively block VEGFR

functionality for cancer treatment and this is explored in this section.

1.1.7.1. Protein-based therapies

Currently there are a few clinically approved humanised monoclonal antibodies
that bind to the circulating VEGF-A with high affinity. These drugs prevent VEGF-
A interaction with VEGFRs, which blocks endothelial responses and tumour
neovascularisation (Kong et al., 2017, Yang et al., 2017). Bevacizumab (Avastin)
is a humanised IgG1 monoclonal antibody that binds all VEGF-A isoforms and
blocks VEGFR2 signalling. Bevacizumab is clinically approved as part of
multimodal treatments for advanced non-small cell lung cancer (NSCLC),
advanced colorectal cancer (CRC), metastatic breast cancer, renal cell cancer
and advanced glioblastoma multiforme (Mukherji, 2010, Kazazi-Hyseni et al.,
2010). Ranibizumab is a humanised antibody based on a single antigen-binding
site (Fab) derived from Bevacizumab but has much higher VEGF-A binding
affinity. The original Bevacizumab has divalent binding sites for VEGF-A but
Ranibizumab is a monovalent species (Fig. 1.8) (Ferrara et al.,, 2006).
Ranibizumab is clinically approved for use in ocular diseases involving aberrant
angiogenesis such as wet AMD: the smaller monovalent Fab molecules more
easily diffuse into the ocular environment compared to full-size antibodies
(Shahsuvaryan, 2017, Ferrara et al., 2006). The use of synthetic proteins is being
increasingly explored to target angiogenesis in disease states. One such example
is Aflibercept (Zaltrap, VEGF TrapEye), a synthetic or artificial protein which
contains the high-affinity VEGF-A binding site from VEGFR1 fused to dimerisation
domains from VEGFR2, further linked to a humanised Fc portion to recruit the
immune system (Al-Halafi, 2014). Such a construct in effect acts as a 'VEGF
ligand trap' that inhibits angiogenesis. Aflibercept also binds to other VEGF family
members, including VEGF-A, VEGF-B, and PIGF and reduces activation of both
VEGFR1 and VEGFR2. The functional effects of Aflibercept in decreasing
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vascular permeability and neovascularisation (Papadopoulos et al., 2012, Al-
Halafi, 2014) has led to clinical approval to treat wet AMD (Freund et al., 2013).

Alternatively, another approach is to directly target the VEGFR extracellular
domain thus modulating interaction with VEGF ligand and signalling outcomes.
Ramucirumab is a humanised IgG1 monoclonal antibody that binds VEGFR2 and
is approved for advanced gastric cancer (Oholendt and Zadlo, 2015, Singh and
Parmar, 2015, Greig and Keating, 2015) and NSCLC (Arrieta et al., 2017, Fuchs
et al.,, 2016). Ramucirumab binds at or close to the VEGF-A binding site on
VEGFR2 and blocks ligand binding and VEGFR2 activation (Spratlin et al., 2010,
Spratlin, 2011). Several anti-VEGFR2 humanised antibodies are in pre-clinical
development and clinical trials. Similar to Ramucirumab mode of action,
Tanibirumab (TTAC-0001) is an anti-VEGFR2 antibody also binds to the VEGFR2
extracellular domain and blocks binding of VEGF-A, VEGF-C, VEGF-D and
VEGF-E with potent anti-angiogenic activity and tumour growth inhibition in
mouse models. Tanibirumab shows effective inhibition of VEGFR2 but not
VEGFR1 or VEGFR3 (Lee et al., 2015). Tanibirumab shows positive results in
patients with colorectal cancer in phase | clinical trials, and phase Il trials are
ongoing (Lee et al., 2017).

1.1.7.2. Tyrosine kinase inhibitors (TKIs)

Tyrosine kinase inhibitors (TKIs) are small molecule inhibitors which are water
soluble and have amphipathic properties. These TKls can diffuse through the
hydrophobic plasma membrane bilayer and act within the cytosol to inhibit the
specific tyrosine kinase activity which is dependent on ATP/ADP cycle. Most TKIs
mimic the adenine moiety by forming hydrogen bonds with hinge region of
tyrosine kinase, thereby competitively inhibit the ATP binding to the kinase
domain. Sunitinib (trade name, Sutent) is an example of VEGFR TKI which is
approved for cancer therapy (Roskoski, 2007a) (Fig. 1.8D). Imatinib and
Sorafenib are two other examples of small molecule TKIs that selectively block
ATP binding to these enzymes.
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An alternative approach to target VEGFR activity includes using a class of
inhibitors which negatively regulate the tyrosine kinase activity in allosteric
manner. These compounds do not bind or inhibit the tyrosine kinase activity
directly, but target and inhibit various downstream signal transduction pathways
activated by RTKs such as MAPK, p38-MAPK pathway and mTOR signal
transduction pathways (Fig. 1.8D). One example is the B-Raf selective inhibitor
that also inhibits downstream MEK1/2 and ERK1/2 activity. This drug received
FDA approval for treating unresectable or metastatic melanoma in patients
carrying the B-Raf-V600E mutation (Kwong-Kwok, 2009, Yang et al., 2010a, Kim
etal.). SB203580 is a pyridinyl imidazole inhibitor that targets p38 MAPK (Cuenda
et al., 1995) and PDK1, affecting downstream Akt activation and retinoblastoma
hyperphosphorylation (Lali et al., 2000). Perifosine is an anti-cancer molecule that
inhibits the Akt pathway (Richardson et al., 2012). Dactolosib (BEZ235),
Bimiralisib (PQR309), BGT226, SF1126, and GSK2126458 are some examples
of Class IV inhibitors developed to target PI3K-Akt-mTOR pathway with dual
inhibitory activity towards PI3K and mTOR (Wander et al., 2011). Everolimus is
an mTOR inhibitor which has received FDA approval for treating advanced or
metastatic renal cell carcinoma in combination with Lenvatinib, a multikinase RTK
inhibitor for the VEGFR subfamily (Petiot et al., 2003, Studentova et al., 2018,
Glen, 2016). Alpelisib, which inhibits PI3K, has been approved for multimodal
therapy in some types of breast cancer (Sidaway, 2019).
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Figure 1.8. Therapeutic targeting of VEGFR function. Cartoon representation
of (A) Bevacizumab (B) Ranibizumab, and (C) Aflibercept in targeting VEGFR
function. Bevacizumab, Ranibizumab and Aflibercept directly bind to the ligands
(VEGFs) thereby neutralising VEGF biological activity. (D) VEGFRs can be
targeted directly by monoclonal antibodies to inhibit VEGF binding to the
extracellular domain of the receptor, Ramucirumab interferes with VEGF ligand
binding to the VEGFR. Alternatively, small molecule tyrosine kinase inhibitors
(e.g. Sutent) are ATP-like mimetics which bind at or near the ATP-binding site in
the TK domain thereby inhibit tyrosine phosphorylation. Other inhibitors of
VEGFR signalling pathways can also promote therapeutic benefits.
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1.2. Serum lipoproteins and scavenger receptors

Cholesterol and triglycerides are non-polar lipid particles which are important
components of human body and involved in function of the cells. Cholesterol is
an unsaturated fat or lipid molecule which is a fundamental component of all
mammalian cell membranes. These lipids rely on serum lipoproteins for
transportation to various organs of the body. Serum lipoproteins are micelle-like
globular complexes composed of both proteins and lipids held together by
covalent forces. They are mainly involved in transporting cholesterol, triglycerides
and specific high-density proteins around the body. Both cholesterol and
triglycerides are non-polar lipid particles which can only be transported with
lipoproteins in the plasma (Ginsberg, 1998). They can be classified into five
different classes based on their size, mobility, density of triglycerides and
cholesterol; chylomicrons, very low-density lipoproteins (VLDL), low-density
lipoproteins (LDL), intermediate-density lipoproteins (IDL) and high-density
lipoproteins (HDL) (Feingold and Grunfeld, Sandhofer, 1994). Specific lipoprotein
particles are heavily implicated in atherosclerosis and it is discussed further in

section 1.2.4.

Scavenger receptors (SRs) are also cell surface receptors which are expressed
on various vascular endothelial cells but predominantly on macrophages. The
family of scavenger receptors bind to variety of modified lipids, phospholipids,
pathogens and/or apoptotic cells leading to their internalization and degradation.
Binding of scavenger receptors to ligands is implicated in their metabolism, and
vascular health, inflammation, and chronic disease state such as atherosclerosis.
Scavenger receptors comprises of variety of integral membrane proteins and the
super-group are classified into 10 subfamilies in eukaryotic organisms, namely A-
J (Abdul Zani et al., 2015, Murphy et al., 2005). These receptors are further
divided into subfamilies based in their variation in amino acid sequence. This
study is primarily focussed on LOX-1 (lectin type oxidised LDL receptor-1, OLR1,

oxidised low-density lipoprotein receptor-1) and its interactions with lipoproteins.
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1.2.1. Types of lipoproteins

Chylomicrons (CMs) largely carry large triglycerides which are produced in the
intestine and act as transport vehicle for dietary fat (Mansbach and Siddigi, 2016).
These lipid particles are heterogeneous entities which also consists of cholesteryl
esters, phospholipids, protein with core triglycerides. The structural protein
component of CM is apolipoprotein B-48 (ApoB-48) derived from apolipoprotein
B-100 (apoB-100) by the ApoB-48 enzyme editing complex, which is produced by
the gut cells (Nakajima et al., 2014). The functional role of CMs is to deliver
triglycerides to the peripheral tissues of the body, CMs are associated with
chylomicron-retention disease which is an autosomal recessive disease, caused
by a mutation of in the SAR1B protein which is responsible for transporting CMs

from the endoplasmic reticulum (ER) to Golgi complex (Engelking, 2015).

Very low-density lipoprotein particles (VLDLS) are produced in the liver. Similar to
CM, the major components of VLDLs are triglycerides, the major structural protein
component of VLDL which is different from chylomicrons and comparatively VLDL
is smaller than chylomicrons (Table. 1.4). Intermediate density lipoprotein (IDL)
are formed from VLDL particles. In muscle tissues and adipose tissues,
triglycerides are removed which leads to the formation of IDL. The skeletal protein
of IDL is apoB-100 same as VLDL.

Low-density lipoprotein (LDL) is formed from both VLDL and IDL. LDL contains
more cholesterol and less triglycerides that both VLDL and IDL, with ApoB-100
as a major structural protein. Three lipoprotein particles i.e. VLDL, IDL and LDL
are involved in pro-atherogenic disease states. However, LDL is a dominant pro-
atherogenic lipid particle due to high composition of cholesterol compared to
VLDL and IDL. Each LDL particle contains cholesterol esters and triglycerides at
the hydrophobic core, surrounded by a lipid monolayer composed of cholesterol,
phospholipids, and a single ApoB-100 polypeptide of ~500 kDa. Typically, LDL is
recognised and internalised by the low-density lipoprotein receptor (LDLR).
Binding of LDL to LDLR leads to endocytosis, trafficking and delivery to
lysosomes where it undergoes degradation by proteases, lipases and other
enzymes. Cholesterol released from the breakdown of LDL can diffuse through
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intracellular membranes and can further inhibit the activity of HMG-CoA reductase
(Goldstein and Brown, 2009), a key enzyme in cholesterol biosynthesis. The
average composition of LDL is ~21% lipoprotein, ~25% phospholipids, ~38%
cholesterol esters, ~9% unesterified cholesterol, and ~7% triglycerides (Table.
1.4) (Hevonoja et al., 2000). LDL patrticles are can pass through the arterial wall
and also susceptible to oxidation, this makes them dangerously atherogenic as

described in section 1.2.2.

High-density lipoprotein (HDL) particles have different function compared to other
lipid particles. Even though HDL comprises of high levels of phospholipids and
cholesterol, its role is to transport the cholesterol from peripheral tissues back to
the liver, thereby functioning as an anti-atherogenic mechanism which decreases
systemic cholesterol levels and aids secretion of cholesterol by mixing with bile
and excretion into the gut. In addition, HDL particles are resistant to oxidation and
also possess anti- inflammatory and anti- thrombotic properties which further
contribute towards their mechanism to inhibit atherosclerosis. HDL doesn’t
contain ApoB-100 as a structural lipoprotein, but they contain ApoA-I, Apo-All,
ApoA-IV, ApoC-I, ApoC-Il, ApoC-Illl and Apo-E (Schaefer et al., 2014). HDL is
considered as 'good entity' as opposed to VLDL, IDL and LDL which are 'bad

entities' or arterial disease-promoting agents.

1.2.2. Oxidised and modified low-density lipoprotein (OxLDL/mLDL)

The concept that oxidative stress and the oxidation of LDL originated from a
simple observation by incubation of macrophages with oxidised LDL, not with
native LDL leads to cholesterol ester accumulation and atherosclerotic plaque
formation (Parthasarathy et al., 2010). The release of reactive oxygen species
(ROS) and other oxidising agents by respiring cells can lead to the conversion of
LDL to oxidised or modified LDL (OxLDL, mLDL). OxLDL, rather than native LDL.
This was postulated in the 1980s to be the key agent for the delivery and
accumulation of cholesterol in atherosclerosis (Pirillo et al., 2013b, Henriksen et
al., 1981). It is hypothesised that the oxidation of LDL causes change on the

surface of the lipid particle, making it electronegative. However, it is unclear how
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the overall structure of the LDL patrticle is altered in OXLDL as a consequence of
the many different chemical alterations caused by such oxidising or modifying
agents. ApoB-100 is the main protein component of OXLDL (Fig. 1.9A), Upon
oxidation, OxLDL become specific ligand to a scavenger receptor (LOX-1)
whereas it doesn’t bind to LOX-1 in its native form or before oxidation (Chen et
al., 2002). This is further discussed in section 1.2.4.

Table 1.4. Classification of percentage composition of various lipids in different
lipoproteins (Diffenderfer and Schaefer, 2014).

Percentage of lipoprotein particle {(mass)

. . Diameter
Lipoprotein (A)
Free . .
Apo- Cholesterol . Triglycerides
lipoprotein  esters (CE) Cho(llgét;a rol Phospholipid (PL) (TG)
] 2000-

Chylomicron 6000 2 3 2 8 85
VLDL ~600 8 20 2 20 50
LDL ~250 21 38 9 25 7
IDL ~150-170 18 21 7 19 35
HDL ~70-120 41 18 6 31 4
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1.2.3. LOX-1 scavenger receptor

The lectin-like oxidised low-density lipoprotein receptor-1 (LOX-1, SR-E1, OLR1)
is encoded by gene OLR1 and it is made up of 6 exons and 7 introns and located
on human chromosome 12. It was initially identified as a receptor that specifically
recognises the OxLDL on aortic endothelial cells. Wide range of ligands
recognised by LOX-1 includes OxLDL, apoptotic bodies, C-reactive protein
(CRP), platelets, advanced glycation end products (AGEs) and bacteria. Many of
these ligands stimulate LOX-1 mRNA synthesis and protein expression (Draude
et al., 1999, Xu et al., 2013).

The LOX-1 expression is largely restricted to endothelial cells, macrophages,
smooth muscles and platelets and is elevated by pro-inflammatory stimuli
including OxLDL, ROS, glucose and TNFa (Draude et al., 1999). The receptor
comprises of 273 amino acids, with a predicted molecular weight of ~40 kDa; fully
glycosylated and mature LOX-1 is ~50 kDa by SDS-PAGE. LOX-1 comprises of
four domains: a short N-terminal cytoplasmic domain, single transmembrane
domain, neck domain or stalk region of ~60-70 residues, and C-type lectin-like
domain of ~130 residues (Fig. 1.9B). The stalk region is involved in
oligomerization of the receptor, whereas the C-type lectin-like domain is primarily
responsible for ligand binding, particularly OXLDL. LOX-1 exists as a homodimer
and the analysis of crystal structure suggests that it has a hydrophobic tunnel at
the centre of C-type lectin-like domain. LOX-1 is suggested to bind covalently to
phospholipid moiety of lysine side chain on ApoB-100 protein component of
OxLDL with high affinity. Binding studies of LOX-1/OxLDL are still unclear, but
using molecular modelling, it is predicted that the phospholipid moiety of ApoB-
100 fits perfectly in the hydrophobic pocket and mutations of specific residues in
the hydrophobic pocket inhibits LOX-1 binding to OxLDL (Thakkar et al., 2015).
Even though several scavenger receptors bind and recognise OxLDL, the LOX-1
is genetically and functionally linked to heart disease, strokes and Type 2
diabetes. Therefore, understanding and targeting LOX-1 interactions with OxXLDL

has clinical significance in many serious disease states (Fig. 1.9C).
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Figure 1.9. Schematic representation of OxLDL and LOX-1 scavenger
receptor. (A) Cartoon representation of structure of OxLDL. (B) Structural
assembly of LOX-1 dimer determined by x-ray crystallography (C-type lectin
domain), NMR (neck domain), merged with cartoon illustration (transmembrane
and cytoplasmic domain) (adapted from Ohki et.al., 2005b), and (C) Schematic
drawing of LOX-1/OxLDL complex. LOX-1 clustered on cell surface bind to the
negatively charged amphiphatic a-helices of OXLDL. C-type lectin domain (CTLD)
is preassembled as a homodimer with a disulphide link which is responsible for
recognition of OxLDL (adapted from Raniolo et al., 2016).
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1.2.4. LOX-1 and OxLDL, and their role in atherosclerosis

Atherosclerosis is a chronic inflammatory disease which characterised by the
deposition of dead and dying cells, lipids and fasts that leads to plaque fat-
enriched scar or lesion within the walls of arteries. This pro-inflammatory
phenomenon causes the initiation and progression fat-engorged lesions that
protrude into the arterial lumen, thereby obstructing blood flow; this eventually
leads to plaque rupture, blood clot formation (thrombosis) and subsequent acute
clinical implications (Lusis, 2000). This is thus a progressive disease and the
clinical manifestations include serious cardiovascular diseases (CVD) such as
coronary heart disease, peripheral arterial disease, transient ischaemic attack
(TIA) and myocardial infarction (MI) (Glass and Witztum, 2001). The abundance
of circulating plasma lipid particles e.g. LDL, leading to hypercholesterolaemia is
considered to be a primary risk factor that triggers atherosclerosis. The
complications and arterial disease states that arise due to atherosclerosis are
most common in western societies (Bergheanu et al., 2017).

Atherosclerosis is a multi-factorial disease, all the events and the mechanisms
that leads to atherosclerosis are relatively well understood. A key event in disease
initiation occurs in the development of 'lipid and fat-enriched' foam cells from
macrophages, which then drives the formation of the fatty streak or lesion within
the arterial wall (Fig. 1.10). Previously, although it was thought that the foam cells
are formed exclusively from smooth muscle cells (SMCs), Steinberg and
colleagues were the first to propose that the recognition of modified lipoprotein by
membrane receptors on macrophages leads to foam cell formation and fatty
streak development (Henriksen et al., 1981, Steinberg, 1987, Steinberg et al.,
1989). The events that leads to atherosclerosis can be described by three
hypotheses which are different concepts but essential steps in the initiation and
progression of the atherosclerosis phenomenon. Firstly, the response-to-injury
hypothesis proposed by Ross and Glomset (Ross et al., 1977, Ross, 1993),
suggested that an injury to the endothelium (endothelial dysfunction) due to
diminished production of nitric oxide synthase (NOS), causes an imbalance
between the endothelial relaxing and contracting factors which leads to changes
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in vascular homeostasis (Hadi et al., 2005). Secondly, the response-to-retention
hypothesis (Williams and Tabas, 1995) proposed that the passage of LDLs
through the dysfunctional endothelium into the sub-endothelium enables uptake
by macrophages leading to foam cell formation. Finally, the oxidative modification
hypothesis (Chisolm and Steinberg, 2000) suggests that LDL is modified into
OxLDL before being engulfed by macrophages which drives the pro-atherogenic

phenotype.

Under normal conditions LOX-1 expression is very low or non-existent; however,
under pro-inflammatory conditions and high blood pressure, it is elevated in
expression. LOX-1 is then implicated in binding and clearing OxLDL, thereby it's
primary role is to act as a host-defence mechanism (Yoshimoto et al., 2011).
However various in vitro and in vivo studies have provided significance evidence
on how the overexpression of LOX-1 is involved in endothelial dysfunction, foam
cell formation, and smooth muscle cell migration. LOX-1 is upregulated by pro-
inflammatory cytokines, proteoglycans, and vasoconstrictors. Expression of LOX-
1 leads to an increase in oxidative stress and ROS production, which further
promotes oxidisation of native LDL into OxLDL and development of endothelial
cell dysfunction (Fig. 1.10).

Endothelial cells binding to OxLDL via LOX-1 causes a down-regulation of
endothelial nitric oxide synthase (eNOS) leading to endothelial dysfunction and
apoptosis. The increased circulating levels of LDL is driven by the relatively high
pressure in arterial blood vessels past the endothelial monolayer into the sub-
endothelial and connective tissue environment, where the LDL is modified into
OxLDL by reactive oxygen species (ROS) generated by the surrounding
endothelial and vascular smooth muscle cells. The pro-inflammatory stimuli from
inflamed endothelial cells attracts the monocytes, whereby monocytes infiltrate
into the sub-endothelial layer and accumulate here where they differentiate into
macrophages. The dysfunctional endothelium produces reactive oxygen species
(ROS) and proinflammatory cytokines which causes monocyte differentiation into
macrophages, and further helps macrophage differentiation into foam cells. The

scavenger receptors such as CD36, SR-Al, SR-B1, and LOX-1 on macrophages
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Figure 1.10. Potential role of OxLDL and LOX-1 in foam cell formation and
contribution to atherosclerosis. Excess LDL in the circulating bloodstream
causes accumulation in the arterial walls operating at relatively high blood
pressure (80-120 mm Hg). These accumulated LDLs undergo oxidation into
oxidised LDL (OxLDL). Increased OxLDL levels in the sub-endothelial layer
triggers migratory cells called macrophages in to recognise, bind OxLDL which
promotes conversion of macrophages into lipid-engorged foam cells. These
necrotic and aopotitic foam cells release various growth factors and cytokines
which also trigger smooth muscle cell migration into the area of the arterial lesion.
This fat-enriched atherosclerotic plaque eventually ruptures to cause a blood clot,
arterial blockage and tissue death and damage e.g. heart attack or stroke.



43

recognise and bind to OxLDL thereby engulf these lipid particles, helping the
differentiation into foam cells. The presence of OXLDL and/or angiotensin Il can
also elevate LOX-1 expression in vascular smooth muscle cells (VSMCs), leading
to the migration of VSMCs which further ‘trap’ the foam cells in this locality and
further accelerate plaque progression (Fig. 1.10). Formation of plaque deposits
pushes the endothelium outwards into the blood vessel lumen, causing a
narrowing of arteries, and increased blood pressure. Such abnormal blood flow is
an underlying driver for serious disease states. Further disruption of an unstable
plaque can cause plaque rupture and blood clot formation (thrombus), which can
cause various serious clinical conditions such as angina, myocardial infarction
(MI) and stroke.

1.3. Single particle electron microscopy

The conventional techniques such as crystallography and NMR have limitations
in solving the structure of membrane proteins; Recent advances in electron
microscopes, detector technology and software algorithm have enabled us to
determine the near atomic resolution structure of membrane proteins in agueous
environment. Since the aqueous environment preserves the protein in active state
conformation, Cryo-EM technique caught the attention of many researchers
working on membrane proteins. Recently resolved high resolution membrane
protein structures using cryo-EM are, among many; 3.4 A resolution of TRPV1, y-
secretase at 4.5 A, ATP-binding cassette transporter (ABC) at 8.2 A and Slo2.2
Na* activated K* channel at 4.5 A. (Lu et al., 2014, Liao et al., 2013, Hite et al.,
2015, Vinothkumar, 2015).

1.3.1. Working principle of single particle cryo-EM and negative stain EM

Cryo-electron microscopy is a type of transmission electron microscopy (TEM)
which works in much the same way as the optical microscope. Unlike X-ray
crystallography, which determine structures from diffraction of 3D crystals, single
particle cryo-EM uses computational methods to produce a 3D model based on
thousands of views of single particles which are aligned and averaged (Cheng et

al., 2015, Cheng, 2015). In this technique a purified homogenous protein sample
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is applied to thin holey carbon grid and plunge-frozen in liquid ethane (-180 C)
using, for example vitrobot (lancu et al., 2006). Controlled plunge freezing forms
a thin layer of vitrified ice across the holes of carbon in which proteins are trapped
without any distortion. Ice prevents dehydration of proteins and facilitate in
preserving the native conformation (Cheng, 2015). Low dose of electron beam
(10-20e/A?) is passed through the grid and projection images are captured using
charged coupled device (CCD) cameras or direct electron detection (DED)
cameras (Carroni and Saibil, 2016, Glaeser, 2008). The 2D images contain views
of the sample in different orientations, based on projection slice theorem the
images are positioned using six geometric parameters that include three eular
angles, two in-plane positions and a defocus which indicates the direction of an
electron beam (Nogales and Scheres, 2015, Cheng, 2015). By aligning the
images a 3D computational model is constructed (Nogales and Scheres, 2015).
However, various factors influence the resolution of cryo-EM 3D models and has
various limitations. Factors such as conformation flexibility of the protein leading
to heterogeneity, potential variable oligomerisation state of receptor which leads
to further heterogeneity (such as RTKs), membrane protein insolubility at high
concentrations leading to aggregation, other limiting factors include potential of

membrane protein binding to carbon grid (Glaeser, 2018).

Therefore, to address these issues negative stain-electron microscopy (neg stain-
EM) is used before attempting cryo-EM for heterogenous proteins. In negative
stain microscopy heavy metal salt such as uranyl acetate is used, the stain added
to the sample uniformly covers the grid excluding the protein complexes. When
the electron beam is passed through the stained sample it mainly interacts with
the stain surrounding the sample but excludes the volume that is occupied by the
sample. Hence, the term “negative stain” (Gallagher et al., 2019). The interaction
of heavy metal ion with the electron beam produces the optimum phase contrast
for imaging the micrographs (Cowley and Bridges, 1979). Negative stain-EM is
usually performed to obtain an idea of the homogeneity/heterogeneity of large
protein assemblies or to evaluate the quality of the protein (Booth et al., 2011b).

It is also possible to build low-resolution preliminary projection models of receptor
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in various orientations. The initial low-resolution models are further used in
combination with cryo-EM to achieve high-resolution (Choi et al., 2018) (Fig.
1.11).
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Figure 1.11. Workflow of single-particle analysis for reconstruction of
protein. Purified protein samples are screened through negative staining to
analyse the concentration and homogeneity/heterogeneity, classification and
averaging of contrast images carried out to construct initial models and
orientation. Followed by vitrification of proteins by plunge freezing on grids
(usually carbon), the micrographs are collected and using computational process
three dimensional images are generated from 2-D classes. The 3-D models are
refined from initial models to determine the resolution. Reproduced from Choi et
al., 2018
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1.4, Summary

Cancer is the second leading cause of deaths in the world, the fundamental
feature of cancer is abnormal proliferation of various types of cells in the body.
Various primary factors known to trigger cancers are genetic mutation, chemical
carcinogens, radiation etc. It is a multistep process which involves first initiation
step, second stage is development of tumour and the final spread. Over 90% of
cancers are malignant in nature which can initiate and effect almost all organs of
the body. VEGFRs are members of receptor tyrosine kinase family which are
linked to the pathologies of almost all types of cancers, evidence from immense
number of studies indicate that VEGFRs and their growth factors are key
modulators involved in two key processes such as progression and spread of
cancer by inducing angiogenesis which is a major hallmark of cancer. Thus,
VEGFs and their receptors are targets for anti-cancer therapy and understanding
their mechanism of action would provide invaluable insight into their central role

in cancer progression.

On the other hand, atherosclerosis is a primary cause of heart diseases and
stroke which reason for leading number deaths around the world. It accounts for
over 50% of deaths especially in western societies. It is a systemic process that
involve abnormal accumulation of fat deposits in arterial walls by narrowing it
down, followed by rupture of foam cells/fat deposits causing clot formation.
Thereby, blockage of arteries leads to serious consequences such as heart
diseases and stroke. LOX-1, a scavenger receptor on macrophages along with
ligand (OxLDL) are directly involved in pathology of plague formation i.e
artherosclerosis. The mechanistic insights of how LOX-1 bind to OxLDL and
promote vascular dysfunction is still unknown. Therefore, studying their molecular

mechanisms can lead to design novel therapeutics for LOX-1/OxLDL.

1.5. PhD project aims
This project involves two lines of investigation with studies on two distinct types
of vascular receptors. Firstly, the study of VEGFRs which are primarily involved

in numerous types of cancers triggered by angiogenesis. Despite their importance
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as crucial cancer targets, no high quality structural and mechanistic data exists
for the family of VEGFRSs. In first line of investigation, our overall aim is to derive
the structural information about VEGFR family, by studying the full-length proteins
and possibly resolve the high-resolution structure of one of the receptors. This
would require construction of expression vectors for suitable overexpression
system, optimization of production by purification recombinant VEGFR proteins.

Therefore, specific objectives of this study include

e Expression and purification of VEGFRs in mammalian expression system
e Biochemical and structural analysis of VEGFRSs using electron microscopy
(EM) approach

Once produced these receptors would be used for structural studies in order to
determine the 3D structure model of complexes, other biochemical experiments
include dimer formation, activation with an ultimate aim to understand their

structural complexity.

The second line of investigation include studying the structural aspects of
lipoproteins involved in progressive heart disease such as atherosclerosis. As
discussed in the introduction, we lack information on nLDL and OxLDL
discrimination towards selectively binding to scavenger receptor (LOX-1).
Therefore, the specific objectives of this study include

e Purification LDL and OxLDL and compare their biochemical properties.

e Evaluate the ability of LOX-1 to discriminate between these lipid particles.

e Compare the structure of LDL and OxLDL.

e Evaluate the structure of OXLDL-LOX-1 complexes.
The lipoproteins would be analysed using biochemical and structural
experiments. These studies ultimately aim to unravel the in-depth information on
structural insight lipoprotein binding to scavenger receptor that mediate heart

diseases.
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CHAPTER 2
MATERIALS AND METHODS

2.1. General buffers and media solutions
All chemicals were analytical grade and purchased from Sigma-Aldrich or Fisher
Scientific unless otherwise stated. All the restriction enzymes were purchased

from New England Biolabs.

2.2. Cell lines

Human umbilical vein endothelial cells (HUVECSs) were isolated from umbilical
cords obtained from patients undergoing elective Caesarean section with
informed patient consent at Leeds General Infirmary (LGI). Flp-In™ T-Rex™
Human embryonic kidney cell line (HEK293 Flp-In™ T-Rex™) were purchased
from ThermoFisher Scientific. Human embryonic kidney (HEK293S GnTI") cell
line (ATCC CLR-3022™) were purchased from American type cell culture
collection (ATCC®). HEK293S GnTI cells and HEK293 Flp-In™ T-Rex™ were
grown in DMEM (10 % v/v tetracycline-free fetal bovine serum) maintained by
incubating at 37°C in 5% (v/v) CO:z incubator. HEK293 cells were passaged every
3 days by gentle pipetting without trypsinization and plated at 20-25% confluency.

2.3. Isolation of primary HUVECs

Primary endothelial cells were always obtained fresh from umbilical cords
obtained from ethically approved program linked to Leeds General Infirmary (LGI)
and Leeds NHS Hospital Trust). The umbilical vein was cannulated with an 18-
gauge blunt end needle and flushed with 50 ml PBS containing 10 U/ml penicillin
and 100ug/ml streptomycin. The cord was clamped at one end using hemostat
and the vein was filled with 0.1% (w/v) type IIS collagenase in MCDB131 (Life
Technologies) and then clamped at the other end. The cord was incubated at
37°C for 20 mins allowing the cells to digest and detach from the cord. The vein
was flushed with 50 ml of PBS and the cells were collected. Cells were pelleted

via centrifugation at 140 g for 5 min at 37° C. The supernatant was aspirated and
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the cells were re-suspended in endothelial cell growth medium (ECGM)
containing 10 U/ml penicillin, 100ug/ml streptomycin and 50 ng/ml amphotericin
B. Cells were seeded into a 75 cm? vented tissue culture flask (Sarstedt) pre-
coated with 0.1 % (w/v) pig skin gelatin (PSG). After 24 h, cells were washed 5
times with PBS before replacing with fresh ECGM medium.

2.4. Molecular Biology

Table 2.1. List of plasmids used

Plasmid name Source
pCMV3-SP-FLAG-VEGFR1 Sino Biological
pCMV3-SP-FLAG-VEGFR2 Sino Biological
pCMV3-SP-FLAG-VEGFR3 Sino Biological

PcDNA5-FRT-TOPO ThermoFisher Scientific
pOG44 ThermoFisher Scientific
pPET-15b-LOX-1 Addgene

2.4.1. Preparation of competent E.coli XL-10 cells

Competent cells were prepared for transformation of plasmid. XL-10 variant E.
coli cells (Stratagene) were streaked onto LB agar plates containing 10 pg/ml
tetracycline and the plate was incubated overnight at 37°C. A single colony was
picked using a sterile yellow pipette tip and grown in LB medium (with 25 ug/mL
tetracycline) in a shaker at 220 rpm overnight at 37°C. Next day, a 1:100 ratio of
overnight culture was added to fresh LB-tetracycline and incubated again on a
shaker at 37°C (220 rpm) for 2.5 hr. When ODsso-600 reached 0.2-0.4, the cells
were harvested by centrifugation at 3000 rpm for 10 min at 4°C. The supernatant
was discarded and the cell pellet re-suspended in ice-cold transformation buffer-
| (Tfb-I) (30 mM potassium acetate, 100 mM rubidium chloride, 50 mM
manganese chloride, 10 mM calcium chloride, 15 % (v/v) glycerol, pH adjusted to
5.8 using 0.2 M acetic acid) and kept on ice for 5 min. Cells were centrifuged

again at 3000 rpm for 10 min at 4°C, the supernatant discarded, and the cells
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again re-suspended in ice-cold Transformation buffer-11 (Tfb-11) (20 mM MOPS or
PIPES, 75 mM calcium chloride, 10 mM rubidium chloride, 15 % (v/v) glycerol, pH
adjusted to 6.5 using KOH). After incubation on ice for 30 min, 50ul aliquots were
made stored at -80°C.

2.4.2. Transformation of competent E.coli cells

100 ng of ligations or plasmids were added to 50 pl of thawed competent XL-10
cells and incubated on ice for 30 mins. Cells were heat-shocked for 2 mins using
a 42°C water bath and left on ice for 5 mins. 1 ml of sterile LB was added and
incubated at 37°C for 1 hr to allow cells to recover. Cells were then streaked onto
appropriate LB agar plate containing antibiotics and incubated at 37°C for 16 h to

allow bacterial colonies to grow.

2.4.3. DNA amplification using polymerase chain reaction (PCR)
PCR amplifications were performed using Q5 High Fidelity (HF) polymerase
purchased from NEB. Typically, reactions of final volume 50 ul were set as follows

Table 2.2. Composition of PCR reaction mixture

Component Final concentration
Q5 HF polymerase PCR 1X
buffer (5X)
10 mM dNTPs 200 pM
10 uM Forward Primer 0.5 uM
10 uM Forward Primer 0.5 uM
Template DNA 100 ng
Q5 High-Fidelity DNA 0.02U/ul
Polymerase
dH20 Make up 50 pl final

Primers used for amplification:

T7 forward: 5' - TAA TAC GAC TCA CTA TAG GG - 3
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BGH Reverse: 5' - TAG AAG GCA CAG TCG AGG - 3'

2.4.4. Agarose gel electrophoresis

Gels were made containing either 0.8% (w/v) or 1% (w/v) agar in 1X TAE buffer
(40mM Tris pH 7.6, 20mM acetic acid, 1ImM EDTA). 1 pug/ml ethidium bromide
was used as a staining agent. Electrophoresis was performed at 100 V for
approximately 1 h. Separated DNA bands were visualized using G-Box

chemiluminescence and UV transilluminator (Syngene).

2.4.5. Ethanol precipitation of DNA

DNA precipitation was performed by adding 0.1 volume of 3M sodium acetate pH
5.2, followed by adding three volumes of 100% ethanol. The mixture was then
incubated at -70°C for 20 min followed by centrifugation at 16,000x g for 10 min
at 4° C. The pellet was washed twice with 70% ethanol, then air-dried for 10 min
and re-suspended in sterile water or TE (10mM Tris-HCI, 1mM EDTA).

2.4.6. Large scale DNA purification

Using a sterile pipette tip single colonies were picked from the LB plates streaked
with E.coli cells and incubated at 37° C overnight containing the plasmid. The
colony was then inoculated into 2 ml of LB medium containing appropriate
antibiotic and cultured at 37°C in a shaking incubator for 6 h. The culture was then
diluted at 1:500 in 100 ml of fresh LB medium containing appropriate antibiotic
and cultured at 37° C in a shaking incubator for 16 h. The DNA was then purified

using DNA maxiprep kit (Qiagen) according to manufacturer’s instructions.

2.4.7. Double digestion of plasmid using restriction enzymes

Restriction enzyme digest of the plasmid was performed by adding 1 pg of DNA
to 1 ul of 10x enzyme buffer, 1 U of enzyme, then made up to 10 pl with either
water of TE. The samples were then incubated at 37°C for overnight. Plasmid was
ethanol precipitated, pelleted in the tube by centrifuging and the supernatant was
aspirated. Same volumes of second restriction enzyme was added and incubated

at 37° C for 3 hours and analysed using DNA gel electrophoresis.
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2.4.8. Gel purification of DNA fragments

After running the DNA on agarose gel, bands containing DNA fragments of
interest were excised from the gel using a clean scalpel blade. The gel fragments
were subsequently digested and purified from agarose using Qiagen gel

extraction kit (Qiagen) following the manufacturer’s protocol.

2.4.9. Addition of 3’ A overhangs to linear plasmid
After amplification of VEGFR cDNA using PCR as described previously in 2.4.3.
3’ A overhangs were added to generate sticky ends for direct cloning into TOPO

vectors.
Table 2.3. Composition of PCR reaction mix for addition of 3’ A overhangs

Final concentration

Purified PCR
product 0.30 pmol
dATP 0.2 mM
Taqg PCR buffer
(10X) o
Tag Polmerase 1U
dH20 Make up 50 pl final

The reaction mixture was prepared as mentioned in Table 2.2 and then incubated
for 25 min at 72°C in thermal cycler. 2ul of mixture was then used for ligation into
TOPO vectors as described in 2.4.10

2.4.10. Ligation of VEGFR c¢cDNA with 3° A overhangs into
pCDNAS/FRT/TOPO vector

After addition of 3’ A overhangs to VEGFR cDNA, 2ul of reaction mixture was
used for direct cloning into pPCDNAS/FRT/TOPO vector by preparing the following

reaction mixture.
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Table 2.4. Composition of PCR reaction mix for ligation

Volume

Purified PCR product 2 pl

1 pl (final concentration

Salt solution 6X (1.2M NacCl, 200 mM NaCl, 6 mM

60 mM MgClz)

MgCl2)
dH20 2 ul
Linear TOPO vector 1 pl
Final volume 6 ul

The mixture was incubated on ice for 5 min and then added to XL-10 competent
cells prepared as mentioned in 2.4.1. The cells were further incubated on ice for
5 min, then heat shocked for 30 sec at 42°C and immediately transferred onto ice.
250 pl of SOC media was added and incubated at 37° C for 1 h with horizontal
shaking. 100 pl of mixture was spread onto LB plate containing ampicillin
(100pg/ml) for selection and incubated for 24 h at 37° C. After incubation 5
colonies were picked to screen for the presence of TOPO plasmid and VEGFR

insert.

2.4.11. Plasmid DNA sequencing

Plasmid was isolated as previously described in 2.4.6 and sent to Source
Bioscience (Nottingham, UK) for sequencing. Plasmids were sent at 100 ng/ul,
primers at 3.2 pmol/ul, and PCR products at 10 ng/ul per. The following primers

were used for sequencing
CMV forward: 5'- CGC AAA TGG GCG GTA GGC GTG - 3°

BGH Reverse: 5' - TAG AAG GCA CAG TCG AGG - 3'
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2.5. Cell Culture
2.5.1. Cell Passage

Normal HEK293 cells are not resistant to zeocin, they acquire resistance to zeocin
due to insertion Flp-in. Therefore, commercial HEK293 ‘Flp-In’ cells were
maintained in DMEM high glucose media with 5 pg/ml zeocin antibiotic and split
every three days when they reach 80% confluency. The cells were setup for
transfection at passage number 3 and continued monitoring their passage

number after transfection.

2.5.2. Lipofectamine transfection

HEK293 cells were plated to reach the confluency of 50% on the day of
transfection. For a 6 well plate, 2.5 pg of DNA was added to 125 pl of opti-MEM
(solution A). 7.5 pul of Lipofectamine 2000 (ThermoFisher, UK) was added to 125
ul of opti-MEM and mixed well and incubated for 5 min at room temperature
(solution B). Solutions A and B were mixed gently by pipetting and incubated at
room temperature for 20 min. After incubation, the mixture was added to the cells
slowly drop-wise and incubated at 37° C for 6-8 hours. Medium was replaced with
complete medium and cells were allowed to grow. Two days after transfection,
3ug/ml puromycin was added and the clones generated were screened after 10

days

2.6. Protein analysis

Table 2.5. List of antibodies used

Antibody name Source
Goat anti-VEGFR1 R & D systems
Goat anti-VEGFR2 R & D systems
Goat anti-VEGFR3 R & D systems

Mouse anti-FLAG Sigma

Rabbit anti-sheep Alexa Fluor 488 Invitrogen
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Rabbit anti-mouse Alexa Fluor 488 Invitrogen
Rabbit anti-VEGFR2 pY951 Cell Signaling Technology
Rabbit anti-VEGFR2 pY1175 Cell Signaling Technology
Rabbit anti-VEGFR2 pY1214 Cell Signaling Technology
Mouse anti-pY20 Abcam
Sheep anti-LOX-1 Santa Cruz Biotechnology
Mouse anti-actin Abcam
Mouse anti-tubulin Abcam
Mouse anti-goat 1gG R & D systems
Rabbit anti-mouse I1gG R & D systems
Mouse anti-rabbit IgG R & D systems

2.6.1. Preparation of cell lysates

After aspirating off the media, cells were washed thrice with ice-cold PBS. Cells
were then lysed with lysis buffer (2% (w/v) SDS, 50mM Tris-HCI pH 7.4, 150mM
NaCl, 2mM ethylene diamine tetraacetic acid (EDTA), 2 mM ethylene glycol
tetraacetic acid (EGTA), 1 mM phenylmethylsulfonyl fluoride (PMSF) in PBS). For
Immunoblot analysis the lysates were boiled at 95° C for 5 mins and sonicated for

3 seconds. Lysates were flash frozen in liquid nitrogen and stored in -20° C.

2.6.2. BCA Assay

To estimate the concentration of total protein in lysates, bicinchoninic acid assays
(BCA) were performed using a 96-well plate format. Total protein lysates were
then added in duplicates of 5ul each. Bovine serum albumin was used a standard
protein (2-10 ug range). After addition of BCA reagent, the plate was incubated at
37°C for 15-20 minutes and then the absorbance was measured at 562 nm using
a varioscan flash plate reader (ThermoFisher, UK). Based on the BSA

absorbance values, a standard curve was plotted. The protein concentrations of
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the lysates were determined from the equation of the line fitted to the standard

values.

2.6.3. SDS-PAGE

After quantification of protein in a cell lysate, volume required for 30 pg of protein
was estimated, equal volume of 2X sample loading buffer (1 M Tris-HCI pH 6.8,
20 % (v/v) glycerol, 4 % (w/v) SDS, 0.1 % (w/v) bromophenol blue and 4 % (v/v)
B-mercaptoethanol) was added and incubated for 5 minutes at 95°C. Samples
were then loaded onto 10% (w/v) SDS-polyacrylamide resolving gel containing 5
% (w/v) SDS-polyacrylamide stacking gel, and subjected to electrophoresis at
120-130V for 1.5-2 h at room temperature in SDS-running buffer (192 mM glycine,
25 mM Tris, 0.1 % (w/v) SDS) until the blue dye interface had run down to the
bottom of the gel.

2.6.4. Blue native polyacrylamide gel electrophoresis

Purified samples were separated using blue native polyacrylamide gel
electrophoresis using 4-16% NativePAGE Bis-Tris precast gels to validate the
native state of the proteins. Samples were prepared using a Coomassie G-250
sample additive that displaces detergent from membrane proteins, converting
hydrophobic sites to negatively charged sites required for NativePAGE
electrophoresis. The NativePAGE 5% G-250 sample additive was added to
detergent containing samples such that the final G-250 concentration is 1/4" of
the detergent concentration. 4X NativePAGE sample buffer was added at the ratio
of 1:4 prior to electrophoresis. Anode running buffer was prepared using 20X
NativePAGE running buffer at 1:20 ratio using deionized water to make the final
1X concentration for outer buffer chamber. For inner chamber, Dark blue and light
blue cathode buffers were made using 20X NativePAGE running buffer at 1:20
ratio, 20X NativePAGE cathode additive at 1:20 and 1:200 ratio respectively.
Samples were loaded onto the gel prior to filling the cathode buffer chamber for
easy visualization of sample wells, NativePAGE unstained protein marker was
used as standard. After sample loading, the inner chamber was loaded with dark

blue cathode buffer and the outer chamber with anode buffer. Electrophoresis



57

was performed at 150 V constant for 90 min and the dark blue cathode buffer was
then replaced with light blue cathode buffer and further electrophoresis was
performed for 30 min. After electrophoresis, proteins were either transferred onto
a PVDF membrane or stained with Coomassie blue as described in section
2.6.10. Proteins were transferred to the PVDF membrane only because the
nitrocellulose is not compatible for blotting NativePAGE gels since the Coomassie
G-250 dye binds very tightly to the membrane and also the membrane is not
compatible for fixing, staining/destaining. Prior to transfer the PVDF membrane
was activated by treating with 100% methanol for 30 seconds, Gel was then
sandwiched between the blotting pads and membrane, transferred at 25 V
constant for 1 hour according to manufacturer’s instructions using XCell-Il blot
module (Invitrogen). After transfer, membrane was treated with 8% acetic acid for
15 min to fix the proteins, and the membrane was probed and developed using
specific antibodies as described in 2.6.6.

2.6.5. Dot blotting

For dot blotting, 2-3 pl of protein samples were dotted onto a nitrocellulose
membrane and let the blot dry for 5 mins. To block nonspecific binding,
membranes were incubated in 5% skimmed milk in TBS-T (20 mM Tris-HCI pH
7.6, 137 mM NaCl, 0.1% (v/v) Tween-20) for 1 hr on the orbital rocker.
Membranes were then probed with primary antibodies diluted in 2 % Bovine
serum albumin (BSA), 1 mM sodium azide in TBS-T for overnight at 4°C.
Membranes were then washed three times for 10 min with TBS-T and probed with
species-specific horseradish peroxide (HRP)- conjugated antibodies for 1-2 hrs
at room temperature. Membranes were washed again three times for 10 min in
TBS-T, and blots were developed by incubating briefly with EZ-ECL combined
enhanced chemiluminescence for 2 min. Bound antibodies were then visualised

using a G-Box (Syngene) workstation.

2.6.6. Western blotting
After electrophoresis, proteins were transferred onto a nitrocellulose membrane

(0.2 um pore size) (GE healthcare life sciences) in transfer buffer (106 mM



58

glycine, 25 mM Tris, 0.1 % (w/v) SDS, 20 % (v/v) methanol) at 300mA for 3 hours
or at 30mA for overnight at 4°C. Membranes were briefly stained with Ponceau S
stain to check if the transfer was successful, and rinsed briefly with TBS-T. To
block nonspecific binding, membranes were incubated in 5% skimmed milk in
TBS-T for 1 hr on the orbital rocker. Membranes were then probed with primary
antibodies diluted in 2 % Bovine serum albumin (BSA), 1 mM sodium azide in
TBS-T for overnight at 4°C. Membranes were then washed three times for 10 min
with TBS-T and probed with species-specific horseradish peroxide (HRP)-
conjugated antibodies for 1-2 hrs at room temperature. Membranes were washed
again three times for 10 min in TBS-T, and blots were developed by incubating
briefly with EZ-ECL combined enhanced chemiluminescence for 2 min. Bound

antibodies were then visualised using a G-Box (Syngene) workstation.

2.6.7. Coomassie staining of gels

Gels were routinely stained with G250 Coomassie Brilliant Blue stain or Quick
Coomassie stain (Generon, UK). For Brilliant Blue staining, gels were removed
after electrophoresis and fixed for 2 hours in fixing solution (25 % (v/v) propanol,
10 % (v/v) acetic acid) and then incubated in stain 1 (0.025 % (w/v) G250
Coomassie Brilliant Blue, 10% propanol, 10% (v/v) acetic acid) for 2 hours and
then stain 2 (0.0025 % (w/v) G250 Coomassie Brilliant Blue, 10 % propanol, 10
% (v/v) acetic acid) for 2 hours. The gel was then de-stained with several changes
of de-staining solution (10 % (v/v) acetic acid) typically for 2 hours to overnight to

remove the background.

2.6.8. Silver staining of gels

The silver stain has sensitivity down to 0.25 ng per band while the typical
Coomassie Brilliant Blue G250 has 30 ng per band detection limit. As a more
sensitive alternative to Coomassie staining, gels were stained using Pierce™

Silver Stain Kit (ThermoFisher Scientific) following manufacturer’s protocol.
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2.6.9. Immunofluorescence analysis (IF)

Stably transfected HEK293s cells were seeded on to sterile coverslips precoated
with 0.1% (w/v) pig skin gelatin or 0.01 % poly-L-lysine respectively at 60 %
confluency in 24-well plates, and cells were rinsed thrice with 500 pl of PBS. Cells
were fixed in 400 pl of pre-warmed Sigma-Fix fixative (Sigma-Aldrich) for 10 min
at 37°C. The fixative was aspirated and coverslips were rinsed thrice with 500l
of PBS. Cells were then incubated with 50mM ammonium chloride (NH4Cl) in PBS
to quench the free aldehyde groups. Fixed cells were then permeabilized for 4
mins in 500ul of 0.2 % (v/v) Triton X-100 in PBS at room temperature. Coverslips
were washed three times in 500 pl PBS and incubated for 30 mins in blocking
buffer (5 % (w/v) BSA/PBS/0.02 % sodium azide) to block nonspecific antibody
binding to the cells. 20 ul of primary antibody in blocking buffer is added to the
coverslip and incubated in a moist staining chamber for overnight at room
temperature. Coverslips were washed three times with 500 pl of PBS and 20 pl
of secondary antibody containing 4 pg/ml donkey Alexa Flour-conjugated
secondary antibody (Invitrogen), 2 pg/ml 4,6-diamidino-2-phenylidole (DAPI) in 1
% (w/v) BSA in PBS is added to the coverslip and incubated at room temperature
for 2 h. Coverslips were washed three times with 500 pl of PBS and mounted onto
slides using Fluoromount G (Southern Biotech). Images were acquired using an
EVOS-FL inverted digital microscope (Life Technologies, UK). The realtive

protein levels were analysed and quantified using Image J software.

2.6.10. Microscopy based analysis and quantification of VEGFRs
expression

Microscopy data was quantified using ImageJ software. The HEK293 cells
expressing VEGFRs were probed with protein specific primary antibody followed
by species specific alexafluor 488 secondary antibody. The cells fixed on
coverslips were imaged using Auto EVOS 2 electron microscope (ThermoFisher)
at 10x or 20x magnification using two different filter cubes. DAPI blue filter with
excitation at ultra-violet light (wavelength 358 nm) and GFP filter with excitation
at 488 nm were used. The images captured using two cubes were overlaid and

processed for quantification. Using ImageJ, the images were split into different
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channels using RGB split function (blue and green) and the raw intense pixel
density of green channel representing the protein levels were measured, followed
by division with number of cells (DAPI) in the region of interest. The measured
pixel densities were then background corrected by subtraction with background
pixel densities. The final VEGFR levels were estimated by normalising the
measured intensities with negative controls (uninduced VEGFR).

2.7. Protein purification from bacterial culture (E.coli)
2.7.1. Recombinant protein expression in bacteria

An overnight culture of 50-100 ml was prepared from either a single colony or 0.5
ml of overnight culture using the appropriate antibiotic. The culture was diluted
1:25-1:50 into 1 litre of medium (+ antibiotic) in a large 2 litre flask. ODsso-600 Was
measure after vigorous shaking for 1-2 hrs until it is approx. ~0.3-0.4. IPTG was
added at 0.1 mM final concentration and grown for required period (6 hrs to
overnight). Decanted into 500 ml bottles and spun at 4000 rpm for 20-30 mins
(pellets stored at -70°C overnight if needed).

2.7.2. Purification of soluble recombinant proteins (sLOX-1)

The pellets were resuspended in isotonic lysis buffer and 1 mg/ml lysozyme,
incubated on ice for 15-30 mins. Sonicated with 4 x 20-30 sec bursts using
sonicator. Added 1% detergent (TX-100 or NP-40) to increase lysis and release
of protein (optional). Incubated on ice for 30 min and spun at 100 000 g (30 000
rom in a Ti45 rotor) to generate a pellet and supernatant. Added to pre-
equilibrated nickel-agarose resin and incubated on rotating wheel at room temp
for 15-30 mins. The resin was packed into a disposable Econo column (Bio-Rad)
and washed extensively with 30-50 ml of lysis buffer, followed by 30-50 ml of lysis
buffer + 1% detergent, 30-50 ml lysis buffer + 0.5 M NaCl, and 30-50 ml lysis
buffer, no detergent. The elution steps were performed at 10 x 1 ml elution in
buffer 0.1-0.5 M eluent (glutathione or imidazole, freshly made). The elutions were
dialysed against PBS (+0.1 mM PMSF) or similar buffer, and protein
concentration was measured using BCA assay (Pierce). Purified recombinant

protein was then analysed by SDS-PAGE.
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2.7.3. Purification of insoluble protein from inclusion bodies

The cells were resuspended in isotonic lysis buffer (1 mg/ml lysozyme) containing
1% NP-40 or TX-100, incubated on ice for 15-30 mins. The lysate was sonicated
with 4 x 20-30 sec bursts using sonicator, incubated on ice again for 15-30 mins.
The lysate was then spun at 15, 000 rpm for 20-30 mins (Sorvall or Beckman
rotor) to generate a pellet and supernatant. The supernatant was removed, and
the pellet was washed 3x with lysis buffer, fully resuspending pellet as much as
possible - this removes contaminants from the inclusion bodies. Pellet was then
solubilised in denaturing buffer (6 M GuHCI, 50 mM sodium phosphate pH 8.0)
and placed on rotating for 30 mins to fully solubilise pellet. Centrifuged again at
15 000 rpm; pellet was kept for analysis (insoluble). Supernatant was added to
Ni-NTA resin that has been pre-washed with denaturing buffer and incubated on
rotating wheel for 60 mins. The resin and supernatant mixture was transferred to
a column and washed extensively with 30-50 ml of denaturing buffer + 10-20 mM
Imidazole, followed by 30-50 ml of lysis buffer + 1% detergent + 10-20 mM
Imidazole, 30-50 ml lysis buffer + 1 M NaCl + 10-20 mM Imidazole, and 30-50 ml
of denaturing buffer + 10-20 mM Imidazole. The elution steps were performed at
10 x 1 ml elution in buffer 0.1-0.5 M eluent (glutathione or imidazole, freshly
made). 50 mM DTT was added to pooled fraction from a 1 M DTT stock. The
fractions were dialysed extensively against denaturing buffer (+0.1 mM PMSF)
and ensured that DTT levels are < 0.1 mM DTT. The protein concentration of the
pooled fractions were measured using the BCA assay (Pierce) and SDS-PAGE.

The recombinant protein was snap-frozen in liquid nitrogen and stored at -70°C.

2.8. Protein purification from HEK293 cells
2.8.1. Recombinant protein expression in FIp-In™ HEK293T-Rex™ cell line

The adherent HEK293 cells expressing VEGFRs were maintained in a T175 flask,
split every three days using high glucose DMEM media into a new T175 flask at
1:5 dilution ratio. For large scale expression the cells were transferred into an 8

layered cell disc (Greiner bio-one) and induced with 1 pg/ml of tetracycline in 70
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% ethanol for 36h. After induction, cells were removed by flushing with 5 mM
EDTA in PBS 7.4 pH dissociating buffer. The cells were centrifuged to collect the
pellets, flash frozen in liquid nitrogen and stored in -80° C for detergent

solubilization studies and purification.

2.8.2. Detergent screening for membrane protein solubilisation

2.8.2.1. Purification from whole cell lysate

Cells induced with 1 ug/ml tetracycline for 36h were pooled and weighted. 8 g of
cells were resuspended in 20 ml of lysis buffer (1% DDM or SMA, 1x EDTA free
protease cocktail inhibitor, 1 mM PMSF). Cells were sonicated for 5 seconds on
and 10 seconds off for 90 seconds, 10 U of benzonase nuclease was added to
the mixture and incubated for 1h in the cold room (4° C). The solubilized lysate
was centrifuged at 2000 xg for 20 min, the supernatant was transferred into a
suitable ultracentrifuge tube and centrifuged using TLA 100 or TLA 110 rotor at
100,000 xg, at 4° C for 60 mins. The supernatant from ultracentrifugation was
added to 500 pl of fresh monoclonal mouse anti-FLAG resin or used anti-FLAG
resin washed with FLAG binding buffer (20 mM Tris.HCI, 100 mM NacCl, 10% (v/v)
Glycerol, 1ImM PMSF, 1x protease cocktail inhibitor, pH 7.5), incubated overnight
at 4° C with end over end mixing. The resin was added to a 5 ml column the next
day, the flow-through was collected and run through the column twice to further
capture any unbound receptor and increase the efficiency. The resin was then
washed with three column volumes (15 ml) of binding buffer (20 mM Tris.HCI, 100
mM NaCl, 1mM EDTA, 10% (v/v) Glycerol, 1ImM PMSF, 1x protease cocktail
inhibitor, pH 7.5 with 0.1% DDM), then washed again with three column volumes
(15 ml) of high salt wash buffer (20 mM Tris.HCI, 500 mM NaCl, 1ImM EDTA, 10%
(v/v) Glycerol, ImM PMSF, 1x protease cocktail inhibitor, pH 7.5 and 0.1 % DDM).
The resin was washed with 1 column volume (5ml) of elution buffer (20 mM
Tris.HCI, 300 mM NacCl, pH 7.5 and 0.1 % DDM) without FLAG peptide, and then
eluted using 200 pl elution volume of 100 pg/ml FLAG peptide in elution buffer
(20 mM Tris.HCI, 300 mM NacCl, pH 7.5 and 0.1 % DDM), five elutions were
performed with 100 pg/ml FLAG peptide followed by five elutions with 200 pg/mi
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FLAG peptide in elution buffer (20 mM Tris.HCI, 300 mM NaCl, pH 7.5 and 0.1 %
DDM). The eluted protein was immediately used for EM studies or

phosphorylation assays.

2.8.2.2. Purification from cell membrane

Similar to purification from whole cell lysate, the cells were induced with 1 pg/ml
tetracycline for 36h were pooled and weighted. 8 gms of cells were resuspended
in 20 ml of binding buffer (20 mM Tris.HCI, 100 mM NaCl, 10% (v/v) Glycerol,
1mM PMSF, 1x protease cocktail inhibitor, pH 7.5) without any detergent,
sonicated for 15 seconds on and 1 min off for 6 cycles, spun at 110,000 xg at 4°
C for 1h using TLA 100 or TLA 110 rotor. The supernatant was discarded, pellets
were re-suspended in 10 ml of binding buffer containing 1 mM EDTA and
centrifuged at 110,000 xg at 4° C for 30 min, supernatant was discarded again
and then the pellets were re-suspended in high salt resuspension buffer (20 mM
Tris.HCI, 500 mM NaCl, 1mM EDTA, 10% (v/v) Glycerol, LmM PMSF, 1x protease
cocktail inhibitor, pH 7.5). The mixture was spun again at 110,000 xg at 4° C for
30 min. The supernatant was discarded and the pellets (cell membranes) were
re-suspended in 20 ml of binding buffer containing DDM of SMA detergent. Using
a 10ml syringe and 22 gauge needle the pellets were mixed properly to obtain
uniform mixture and incubated overnight at 4° C with end to end mixing. The next
day the mixture was spun again at 110,000 xg at 4° C for 30 min to remove any
insoluble membrane pellets which clog the resin. The supernatant was added to
500 pl of monoclonal mouse anti-FLAG resin and incubated for 2h at 4° C with
gentle end to end mixing. The resin was added to a 5 ml column, the flow-through
was collected and run through the column twice to further capture any unbound
receptor and increase the efficiency. The resin was then washed with three
column volumes (15 ml) of binding buffer (20 mM Tris.HCI, 100 mM NaCl, 1mM
EDTA, 10% (v/v) glycerol, 1ImM PMSF, 1x protease cocktail inhibitor, pH 7.5 with
0.1% DDM), then washed again with three column volumes (15 ml) of high salt
wash buffer (20 mM Tris.HCI, 500 mM NaCl, 1mM EDTA, 10% (v/v) Glycerol,
1mM PMSF, 1x protease cocktail inhibitor, pH 7.5 and +/- 0.1 % DDM). The resin
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was washed with 1 column volume (5ml) of elution buffer (20 mM Tris.HCI, 300
mM NacCl, pH 7.5, and +/- 0.1 % DDM) without FLAG peptide, and then eluted
using 200 pl elution volume of 100 pug/ml FLAG peptide in elution buffer (20 mM
Tris.HCI, 300 mM NacCl, pH 7.5 and 0.1 % DDM), five elutions were performed
with 100 pg/ml FLAG peptide followed by five elutions with 200 pg/ml FLAG
peptide in elution buffer (20 mM Tris.HCI, 300 mM NacCl, pH 7.5 and +/- 0.1 %
DDM). The eluted protein was immediately used for EM studies or

phosphorylation assays

2.9. Mass spectrometry and protein ID analysis

The protein ID was performed using the Biomolecular Mass Spectrometry facility,
University of Leeds. The proteins bands were manually excised from the gel and
digested using Montage in-gel digest96 kit (Millipore, Germany) following the
manufacturer’s instructions. The sample was then desalted using uC18-Ziptips
(Millipore), and loaded onto the nanoelectronspray capillary (Waters Micromass,
UK). Using a tandem mass spectrometer (Waters Micromass, UK) the
measurements were performed to determine the peptide sequences. The peptide
fragments were analysed using TOF analyser and the data acquired was
processed using MASSLYNX 3.5 software. The peptide sequences were the
submitted to BLAST search for short matches on NCBI's database
(http://www.ncbi.nim.nih.qov/BLAST)).

2.10. Size exclusion chromatography of purified FLAG-tagged
VEGFR2

The FLAG tagged VEGFR2 purified with FLAG peptide competitive elution as
mentioned in sections 2.7.2.1 or 2.7.2.2 are subjected to size exclusion
chromatography analysis using a superpose 6™ increase 5/150 (GE Life
Sciences). The elutions of VEGFR2 were pooled together (~ 600-800 ul) and
concentrated using 100K molecular weight cutoff filter (Pierce™ Protein
Concentrators, 100 MWCO, 0.5 ml). The volume was brought down 50 pl by
centrifugation at 4,000 x rpm for 10 min. Alternatively, the superpose column was

washed with three column volumes of degassed distilled water and calibrated with
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two column volumes of binding buffer (20 mM Tris.HCI, 100 mM NaCl, pH 7.5,
and +/- 0.1 % DDM). The concentrated VEGFR2 (50 pl) was loaded onto a
Superose 6 column and run through the column at 0.1 ml per minute at 1 MPa
pressure. The absorbance of elutions were measured at 216 nm and 280 nm
wavelengths using two detectors. The elution volumes of each fraction were set
at 100 pl and the collected fractions were analysed by dot blot or SDS-PAGE
followed by western blot as mentioned in sections 2.6.5 or 2.6.6 respectively. The
raw data from AKTA was collected and the chromatographs were generated using

Origin Pro 8 software.

2.11. Protein activity assays
2.11.1 Cell based phosphorylation assay

The activity assays were performed in both endothelial cells (HUVECs) and
HEK293 cells. For HUVECSs the cells were starved for 30 min prior to stimulation
with VEGF-A, whereas the HEK293 cells were induced with 1 pg/ml tetracycline
for 36h prior to stimulation with VEGF-A. From stimulation the methodology was
same for both cell lines. The cells were stimulated with different concnetrations of
VEGF-A isoforms for different time periods. The cells were then lysed using lysis
buffer (2% triton X100, 20 mM Tris 100 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1X
protease cocktail inhibitor, pH 7.5) or analysed using immunofluorescence as
described in section 2.6.9. The cells lysates were analysed by SDS-PAGE and

western blot as mentioned in sections 2.6.3 and 2.6.6 respectively.

2.11.2. In vitro phosphorylation assay

The In vitro phosphorylation was performed using a purified VEGFR2 receptor,
the receptor was purified from HEK293 cell membranes solubilised in DDM
detergent as mentioned in section 2.7.4, The BCA quantification method was
unreliable for quantification of VEGFR2 due to impurities, therefore, the volume
of receptor from the elution was kept consistent representing the same amount of
VEGFR2 in all conditions. 8 pl of purified VEGFR2 was added to different
concentration of VEGF-Aies (0.1-10 nM), 50 mM MgClz was added along with
different concentration of ATP (0-5000 puM). The mixture was made-up to 25 pl
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using 20 mM Tris, 100 mM NaCl, 1mM EDTA, 0.1 % DDM, pH 7.5, mixed gently
by re-suspension and incubated for 30 min on ice. The reaction mixture was then
analysed using SDS-PAGE and western blot as mentioned in sections 2.6.3 and
2.6.6 respectively. The same assay was also performed in the absence of VEGF-
Azes ligand, with only difference being the volume of growth factor was replaced
by 20 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.1 % DDM, pH 7.5 buffer.

2.12. LDL and oxidised LDL preparation
2.12.1. Purification of LDL from blood

18 ml of blood was taken by a medical doctor from a consenting volunteer (under
the University of Leeds, Faculty of Biological Sciences local ethical approval and
license) and added to a tube containing 2 ml of 3.8 % (w/v) trisodium citrate to
prevent coagulation. Plasma was then separated by centrifugation at 1500 g for
10 min. The plasma was transferred to a fresh tube and centrifuged again at 1500
g for 10 min. Plasma was mixed 4:1 with Opti-prep (Sigma) to give final
concentration of 12 % (v/v) lodaxinol, 1 ml of HBS (0.85% (w/v) NaCl, 10 mM
HEPES pH 7.4) was added to 4.7 ml Beckman Opti-seal centrifuge tube. The
plasma-Optiprep mix was layered under the HBS solution and centrifuged at
100,000 g at 16° C for 3 h. The different lipoprotein fractions form different bands
in the tube. A deep orange band towards the top of the tube is formed by LDL,
which was extracted using a 25 gauge needle attached to a 1 ml syringe. The
extracted LDL was dialysed into PBS at 4°C for 24 h. The concentration of LDL

was measured by BCA assay.

2.12.2. Oxidation of LDL

After dialysis of LDL into PBS, native LDL was stored in an eppendorf tube
containing 100 uM EDTA and 20 uM butylated hydroxytoluene (BHT) for storage.
Oxidation is initiated by incubating LDL in 5 uM CuSOa for 24 h at 37°C. After 24
h 100 uM EDTA and 20 pM BHT were added to terminate oxidation, and

concentration of OXLDL was measured using BCA assay.
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2.12.3. Agarose electrophoresis of lipid particles

The oxidation of LDL was verified using agarose gel electrophoresis and sudan
black staining. The lipid was quantified using BCA assay and 4 ug of native LDL
and oxidized LDL were loaded onto 0.5% (w/v) agarose gel in borate buffer (80
mM boric acid, 90 mM Tris-HCI pH 8.3, 3 mM EDTA) and run for 1 h at 100 V.
The gel was fixed in fixing solution (75% (v/v) ethanol and 5 % (v/v) acetic acid
for 15 min and then stained with sudan black solution (60 % (v/v) ethanol and
0.05 % (w/v) NaOH) for 3h. The gel was then washed with 50 % (v/v) ethanol to

remove any excess unbound sudan black and imaged using G-Box (Syngene).

2.13. Size exclusion chromatography of lipoproteins

A 30 ml column was manually packed using Sephacryl S-100 High Resolution
resin (GE, Life Sciences). The packed column was washed with three column
volumes of degassed distilled water and calibrated with two column volumes of
HEPES buffer (20 mM HEPES, 100 mM NaCl, pH 7.5). The lipoproteins (nLDL or
OXxLDL) (~500 pl) were loaded into the sephacryl S-100 column and run at 0.5 mL
per minute at 2 MPa pressure and absorbance readings were measured at 216
nm and 280 nm wavelengths using two detectors. The elutions were collected at
200 ul fractions which were analysed on SDS-PAGE followed by western blot as
mentioned in section 2.6.6. The raw data from AKTA was collected and
chromatographs were generated using Origin Pro 8 software.

2.14. Microfluidic diffusion sizing (MDS) analysis

Microfluidic diffusion analysis was performed to measure the hydrodynamic
radius (Rn) of purified lipoproteins and complexes. Fluidity one (Fluidic analytics,
UK) equipment that works on dynamic light scattering (DLS) based microdiffusion
technique was used. The lipoproteins (nLDL and OxLDL) that were run through
the SEC column were used, 5 ul of purified lipoproteins were loaded on to the
chip which was passed through the inlet reservoir, the auxillary fluid was loaded
onto the second reservoir and both solutions were flown through a small capillary

diffusion chamber where the lipoproteins diffused through based on size. At the
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Figure 2.1. Dynamic light scattering-based microdiffusion technique for
measurement of lipoprotein size. (A) Purified lipoprotein injected into a
microfluidic chamber which meets the auxillary fluid at a T-junction, at the end of
diffusion chamber the solution is split into two streams. Amine-reactive dye is
injected into each chamber separately and the average protein size (Rn) is
estimated based on protein flow in detection chamber. Image reproduced with
permission from Arosio et al., 2016. (B) Comparison of various radius terms used
to characterize proteins, hydrodynamic radius (Rn), radius of gyration (Rg), and
stokes radius (Rs). The protein is represented as blue sphere. Image reference
Brookhaven Instruments.
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end of diffusion chamber the fluid is again split into two streams. An amine
reactive dye (Alexa Fluor 488) is automatically injected in the separation chamber,
by recording the fluorescence in detection chambers A and B the average size
(hydrodynamic radius) of the particles were measured (Fig. 2.1). The traces of

diffusion profiles and sizes were measured by automation using Fluidity One.

2.15. Negative stain grid preparation

Negative stain grids were prepared by pipetting 2 ul of purified protein onto a
carbon coated copper grid charged with PELCO easiGlow glow-discharge unit for
30 seconds. Using a Whatman blotting paper the excess solution was removed
and then stained by pipetting 3 pl of 1 % (w/v) uranyl acetate onto the grid and
dried under the desk lamp for 1 min, the excess uranyl acetate was then removed
with blotting paper. The staining with uranyl acetate was repeated again before
blotting the excess. After drying the grids were stored until screening. Negative
stained grids were imaged using either using FEI F20 or Technai T12 microscope
fitted with a Lab6 source operating at 120 kV (Astbury Centre for Structure
Molecular Biology). Micrographs were collected on Gatan CCD camera at

50,000X magnification with defocus set between 0.5 and 2 pm.

2.16. Cryo-EM grid preparation for single particle analysis

Holey carbon grids (Quantifoil, Agar Scientific) were glow discharged for 20
seconds using a TED-PELLA glow discharge unit. FEI Vitrobot Mark IV was the
used to produce cryo grids using standard 100% humidity settings and blot times
between 3 or 4s, and blot force set to -2 to -3. 3 ul of sample was loaded on the
carbon side of the grid before being blotted and plunge-frozen in liquid ethane.
Grid was then transferred into pre-cooled grid box and stored in liquid nitrogen
for analysis. Micrographs were collected using Titan Krios (FEI, ThermoFisher)
equipped with Gatan 300 keV X-FEG electron source (Astbury Centre for
Structure Molecular Biology), Falcon 1l direct electron detector camera set at
25,000X magnification with defocus set between 0.5 and 2 pm.
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2.17. Single particle data processing using RELION 3

The micrographs were collected from FEI F20 (negative stain-EM of VEGFR2)
and Titan Krios (cryo-EM of OxLDL) and analysed using RELION 3 data
processing software that works on Linux operating system (Fernandez-Leiro and
Scheres, 2017, Zivanov et al., 2018). The Arc 3 high speed supercomputer
(University of Leeds) was used with remote access for data processing. Firstly,
the micrographs of OXLDL collected using Titan Krios were generated over the
weekend with automation, therefore, micrograph movies were generated which
were motion corrected to produce a beam induced motion correction files. Then
the contrast transfer function (CTF) was estimated for each corrected micrograph
and then processed for manual particle picking. Whereas, the micrographs of
VEGFR2 from negative stain EM were manually collected using FEI F20
microscope, and they were directly processed for manual particle picking as the
beam induced motion correction is not required for non-movie micrographs
generated from negative stain. The particles picked were extracted with particle
box size set at 300 A for OXLDL and 250 A for VEGFR2. The extracted particles
were used for reference free 2D class averaging. The VEGFR2 classes didn’t
exhibit enough views to produce a de novo 3D model; whereas, OxLDL 2D
classes were used further to generate 3D model using C2 symmetry

reconstruction.

2.18. 3-D modelling of lipoproteins using UCSF chimera

The model.mrc 3D extension file of OXLDL generated from RELION 3.0 was used
for further processing using UCSF chimera program. The unwanted background
density noise was removed using volume remover, and different side views with
cross sections of the model were generated using volume viewer > density range
option. The superimposed 3-D model of nLDL and OxLDL was generated using
chimera by multireference aligning the density maps of both nLDL (EM 1D:5239)
and OxLDLmrc extension 3-D map. The overall dimensions (length x width x
height) of OxLDL 3-D model was also generated using volume data > measure

volume and volume tracer options on chimera.
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2.19. Statistical analysis

This was performed using the unpaired two-tailed students t-test for two groups
and one-way analysis of variance (ANOVA) followed by two-way ANOVA using
GraphPad prism software (La Jolla, CA, USA). Significant differences between
the control and test groups were evaluated with p values less than 0.05 (*), 0.01
(**), 0.001 (***) and 0.0001 (****) indicated on the graphs. Error bars in graphs

denote + SEM (standard error of mean)
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CHAPTER 3

Construction and characterization of tetracycline-
inducible VEGFR expressing human cell lines

3.1. INTRODUCTION

VEGFRs are associated with physiological and pathological angiogenesis,
various types of cancers and neurodegenerative diseases (Schlessinger, 2000,
Otrock et al., 2007, Stuttfeld and Ballmer-Hofer, 2009, Harris et al., 2018,
Janelidze et al., 2015, Lim et al.,, 2012). VEGFRs have differing expression
profiles, with VEGFR2 and VEGFR3 expressed largely in immune, vascular and
neural tissues. The study of VEGFR function in an experimentally tractable
system will be beneficial for relevance to diseases such as cancer,

neurodegenerative disease, and immune dysfunction.

The choice of the mammalian expression system plays a crucial role in the quality
and quantity of recombinant membrane protein expressed for functional and
structural studies. The expression and purification of recombinant integral
membrane proteins from bacteria, yeast, and insect cells have led to >300 diverse
protein structures (Andréll and Tate, 2013). However, the frequent drawbacks in
these expression systems include low expression, aggregation, insolubility,
proteolysis, lack of post-translational modifications e.g. glycosylation, improper
protein folding, and functionally inactive states (Vinothkumar and Henderson,
2010). To circumvent these issues mammalian expression systems based on
Human Embryonic Kidney (HEK293), murine myeloma NSO and Chinese
Hamster Ovarian (CHO) immortalised cell lines have become a popular choice
for membrane protein expression. Recombinant membrane proteins produced in
these expression systems display native folding, retain tertiary structure, undergo
appropriate post-translational modifications, and remain functionally active
(Bussow, 2015, Berlec and Strukelj, 2013).

Since the VEGFRs are involved in cell proliferation, migration and survival,
VEGFR overexpression can potentially burden the cells by unwanted activation
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of several signalling pathways (Moriya, 2015). Therefore, VEGFR expression
needs to be tightly regulated. Using an inducible expression system would be one
way of controlling VEGFR expression in such cell types. The mammalian Flp-In™
HEK293 T-Rex™ expression cell lines which are commercially available enable
stable integration of a recombinant transgene and places gene transcription and
protein expression under control of tetracycline (or doxycycline) addition ( Gossen
& Bujard, 1992). Based on the original system developed by Bujard and
colleagues (Gossen & Bujard, 1992, Urlinger et al.,, 2000). The current
commercially available system has a single FRT recombination site at the active
locus which enables uniform protein expression across the cell population when
transfected with Flp-In expression vector. These HEK293 T-Rex cells also stably
express the engineered Tet-binding transactivator. Co-transfection of the
recombinant transgene cloned into a Flp-In expression vector and Flp-In
recombinase vector allows stable integration of the transgene into the FRT locus
and now places expression under control of the Tet repressor (O'Gorman et al.,
1991). In the absence of tetracycline, the Tet repressor forms a homodimer and
binds with high affinity to two Tet responsive element (TRE) sequences upstream
of the FRT locus thereby blocks gene transcription. This enables tight regulation
and timing of gene expression and also eliminates variability in transgene
expression (Fig. 3.1) (Das et al., 2016, O'Gorman et al., 1991).

For VEGFR-based studies, such an inducible mammalian expression system
would be ideal, as the expression can be controlled by exogenous effector
molecule, such as tetracycline. This human cell line expression platform also
produces the human protein in its most relevant or native state. In this chapter,
the objective was to construct inducible VEGFR1, VEGFR2, and VEGFR3
expression cell lines that could be useful platforms for biochemical, structural and

cellular studies.
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Figure 3.1. Schematic diagram of Flp-In T-Rex tetracycline-inducible
expression system. (A) pFRT/lacZeo and pcDNA/TR integrated into the genome
of Flip-In T-Rex HEK293 cell line. (B) Co-transfection of pcDNA5/FRT/TOPO
VEGFR vector and pOG44 in the HEK293 T-Rex cell line. (C) Gene of interest
(GOI) stably integrated for regulated expression by tetracycline. Tet repressor
(yellow) binds to the promoter region and represses GOI transcription in the
absence of tetracycline.
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3.2. RESULTS

3.2.1. Generation of VEGFR expression constructs

3.2.1.1. Sub-cloning of human VEGFRs into the FLP Recombination Target
(FRT) plasmid vector

The specific objective was to generate HEK293 Flp-In™ T-Rex™ cell lines for
inducible expression of VEGFR1, VEGFR2 and VEGFR3. Following
characterisation of the expression and localisation of recombinant VEGFRs in
each cell line, receptor could be isolated to support biochemical and structural
studies. The strategy used for building constructs and transfection of cells is
shown in Fig. 3.2 pCMV3 constructs with a CD33 signal peptide (SP), N-terminal
FLAG-tag and VEGFR cDNA inserts i.e pCMV3-SP-VEGFR1, pCMV3-SP-
VEGFR2 and pCMV3-SP-VEGFR3 were purchased commercially and used as
templates for subcloning the CD33 SP-FLAG-VEGFR cDNA into pCDNA5-TA-
TOPO vector and transfected into HEK293 Flp-In™ T-Rex™ cells.

The schematic map of each open reading frame (ORF) comprising CD33 SP-
FLAG-VEGFR constructs is shown in Fig. 3.2, with a Kpnl restriction site located
before the ATG start codon in the VEGFR hybrid cDNA construct, whereas Xbal
is positioned after the stop codon at the 3' end. These hybrid constructs were
digested using Kpnl and Xbal to validate the presence of VEGFR cDNA inserts
in the pCMV3 plasmid, and agarose gel electrophoresis was performed (Fig. 3.3).

Kpnl and Xbal were used for single and double digestion of constructs.

pCMV3-SP-FLAG-VEGFRL1 (10.16 kb) plasmid digested with Kpnl produced a
linear single band at 10.16 Kb. Digestion with Xbal produced two fragments at
6.86 kb and 3.3 kb. Double digestion with Kpnl and Xbal produced three
fragments at 5.28 Kb, 3.3 kb and 1.58 kb respectively (Fig. 3.3A). Two fragments
in Xbal digest and three fragments with double digestion were due to the presence
of a digestion site for Xbal enzyme in VEGFR1 cDNA. The uncut pCMV3-SP-
FLAG-VEGFRL1 construct was used as a negative control.
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pCMV3-SP-FLAG-VEGFR2 (10.21 kb) plasmid digested with Kpnl and Xbal
individually produced a linear single band at 10.21 kb. Double digestion with Kpnl
and Xbal produced two fragments at 6.13 kb and 4.94 kb respectively (Fig. 3.3B).
Unlike VEGFR1 cDNA, VEGFR2 doesn’t contain digestion sites for both
restriction enzymes. Therefore, only two fragments representing plasmid at 6.13
kb and VEGFR2 cDNA at 4.94 kb were produced. Subsequently, plasmid pCMV3-
SP-FLAG-VEGFRS3 (10.04 kb) digested with Kpnl and Xbal individually produced
a linear single band at 10.04 kb. Double digestion with Kpnl and Xbal produced
two fragments at 6.14 kb and 4.7 kb respectively (Fig. 3.3C). Similar to VEGFRZ2,
VEGFR3 cDNA doesn’t contain digestion sites for both restriction enzymes,
thereby both VEGFR2 and VEGFRS3 constructs produced single linear band upon
single digestion with both Kpnl and Xbal, and plasmid and insert fragments upon
double digestion. The sizes of fragments on agarose gel represent the sizes of
respective VEGFRs cDNA inserts and the pCMV3 plasmid vector.

After validating the presence of VEGFR inserts in pCMV3 plasmids, a gradient
PCR was performed with T7 forward primer and BGH reverse primer with
annealing temperature ranging from 55-68° C (Fig. 3.4). The site of primer binding
on the pCMV3 plasmid is shown (Fig. 3.2), and the transgenes amplified by PCR
contain the CD33 signal peptide, FLAG, linker fused to the respective VEGFR
ORF. PCR products analysed by agarose gel electrophoresis, showed 4 kb, 4.1
kb, and 3.9 kb fragments which correspond to the hybrid human VEGFR1,
VEGFR2, and VEGFRS3 constructs respectively (Fig 3.4).

The PCR products produced in these experiments have blunt ends, so Taq
polymerase treatment was used to add a single deoxyadenosine (A) nucleotide
to the 3’ end of each PCR product. PCR product A-tailing was performed to enable
cloning into linear pCDNAS-FRT/TA/TOPO vector which had a single
overhanging 3’ deoxythymidine (T) residues at the site of insertion. This allows
efficient annealing and ligation of the PCR product into the TOPO expression

vector.
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Figure 3.3. Analysis of recombinant pCMV3-FLAG-VEGFR constructs.
Restriction digest and 1% agarose gel electrophoresis analysis of (A) pCMV3-
SP-FLAG-VEGFR1, (B) pPCMV3-SP-FLAG-VEGFR2, and (C) pCMV3-SP-FLAG-
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Figure 3.4. Gradient PCR amplification of VEGFR cDNAs. 1% Agarose gel
electrophoresis of PCR amplification of (A) VEGFR1, (B) VEGFR2, and (C)
VEGFR3 from pCMV3 vectors using T7 forward primer and BGH reverse primer.
Lanes represent pCMV3 VEGFR vector, followed by PCR products with 1° rise in
annealing temperature conditions from 55-68 °C respectively.
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Transformation into the XL-10 E.coli strain was followed by screening clones for
recombinant colonies. Four colonies were in each cloning experiment picked to
analyse each VEGFR transgene inserted into pCDNA5-TO-TOPO plasmid
vectors, followed by restriction digest analysis using the Pmel enzyme (Fig. 3.5).
As shown in the schematic map of pPCDNAS5-TA-TOPO in Fig. 3.2, the site of the
hybrid VEGFR cDNA insertion within the plasmid is located between two Pmel
restriction sites. For VEGFRL1 clones, only clone 3 showed two bands at 5.15 kb
and 4 kb representing the plasmid and the insert in the correct orientation, the
rest of the clones showed only one band at 5.15 kb but no insert. For VEGFR2
three clones out of four showed two bands each at 5.15 kb and 4.1 kb. Whereas
for VEGFRS, all four clones showed bands at 5.15 kb and 3.9 kb respectively.
These experiments showed successful production of recombinant plasmids
carrying the hybrid VEGFR cDNAs cloned into the pCDNA5-TA-TOPO plasmid.

3.2.1.2. Checking the recombinant VEGFR sequence in pCDNA5-FRT-TO-
TOPO plasmids

One limitation of using TA cloning is the possibility of changes in orientation and
sequence at the site of insertion that may affect gene expression Sequencing was
performed to verify the orientation of the VEGFR insert, and the sequence was
translated to check for open reading frame (ORF) which showed the CD33 signal
peptide (MPLLLLLPLLWAGALA), FLAG (DYKDDDDK), linker (GGGGS) followed
by corresponding VEGFR ORFs (Fig. 3.6). The translation of the correctly
oriented cDNA for each VEGFR ORF in the plasmid construct is shown (Fig. 3.6).
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Figure 3.5. Screening clones of pCDNA5S/FRT/TO-TOPO/VEGFR
recombinant plasmids for the presence of DNA inserts. (A-C) Agarose gel
electrophoresis showing plasmids purified from 4 selected colonies (labelled 1-4)
from each cloning experiment. 1 kb DNA marker (M), undigested plasmid (1-4),
and Pmel digest (1-4). Schematic representation of Pmel enzyme digest and
fragment sizes produced. (A) pCDNAS5/FRT/TO-TOPO/VEGFR1, (B)
pPpCDNAS5/FRT/TO-TOPO/VEGFR2, (C) pPCDNA5/FRT/TO-TOPO/VEGFRS.
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Figure 3.6. Sequence analysis of pCDNA5S/FRT/TO-TOPO/VEGFR
recombinants and open reading frames (ORFs). Plasmids containing inserts
were sequenced to verify the orientation of insert, shows open reading frame
(ORF) starting with Methionine (M) (pink); signal peptide (green); FLAG tag (blue);
linker (purple), followed by receptor (pink). Analysis of recombinant plasmids
corresponding to (A) pCDNA5/FRT/TO-TOPO/VEGFR1, (B) pCDNAS/FRT/TO-
TOPO/VEGFR2, and (C) pCDNA5/FRT/TO-TOPO/VEGFRS3.
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3.2.2. Characterization of Flp-In™ T-Rex™ cell lines

To generate the stable HEK293 cell lines expressing the full-length hybrid
VEGFRs, the commercially available HEK293 Flp-In™ T-Rex™ line was used.
HEK293 Flp-In™ T-Rex™ cells were co-transfected with recombinant pcDNA5-
FRT-TOPO-VEGFR plasmid and pOG44 plasmid (encoding the Flp
recombinase). By stable integration pCDNA5-FRT-TOPO-plasmid and the
VEGFR hybrid cDNA into the FRT site, the integrated plasmid confers cellular
resistance to hygromycin B but now becomes sensitive to zeocin due to disruption
of the FRT locus. An empty pCDNA5-FRT-TOPO plasmid vector without a cDNA
insert was used as a negative control in these transfection experiments. The
transfected cells were screened for sensitivity using hygromycin B selection
marker with gradual increase in concentration from 25 pg/ml to 250 pg/ml over
the course of 10 days, along with 15 pg/ml blasticidin. This ensured the
elimination of parent non-transfected cells, thus allowed the growth of only stably
integrated cells which acquired resistance to hygromycin B. After 10 days, the
HEK293 T-Rex cells which developed resistance to hygromycin were pooled.
The pooled cells were subjected to induction with 1 ug/ml of tetracycline for 24 h
and then lysed to check for VEGFR expression using immunoblotting. Fig. 3.7
shows the Western blot of cell lines corresponding to the tetracycline-induced
expression of all three VEGFRSs; a mouse anti-FLAG antibody was used to detect
FLAG-VEGFR protein expressed from the stably integrated transgenes.
Untransfected HEK293 cells were used as a negative control and a purified
FLAG-TRPM2 membrane protein (~170 kDa) was used as a positive control. After
inducing with tetracycline, the parent HEK293 cells showed no bands, whereas
each VEGFR stable cell line showed bands for VEGFR1 at 200 kDa, VEGFR2 at
250 kDa, and for VEGFR3, two bands were detected at ~ 230 kDa and 190 kDa.
These two bands for VEGFR3 likely represent the mature glycosylated and
immature partially glycosylated full-length forms before post-translational
cleavage in the ER. The tubulin protein was used as a loading control for the
guantification of relative VEGFR expression levels. The levels of VEGFR3 were

four-fold higher in comparison to VEGFR2, whereas VEGFRL1 expression levels
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Figure 3.7. Inducible expression of VEGFR1, VEGFR2 and VEGFR3. Human
embryonic kidney 293 Flp-In™ T-Rex™ cells were co-transfected with pOG44
and pCDNA5/FRT/TO-TOPO VEGFR1, VEGFR2, or VEGFR3 constructs to
generate tetracycline-inducible stable expression systems. Stable clones were
induced for 24 h with tetracycline (1 mg/ml), lysed and processed for
immunoblotting. (A) Western blot showing lysates of untransfected HEK, cells
stably transfected with VEGFR1, VEGFR2, and VEGFR3 plasmid constructs
probed with mouse anti-FLAG primary antibody followed by goat anti-mouse HRP
secondary antibody followed by ECL detection. A recombinant FLAG-TRPM2
recombinant protein was used as positive control and tubulin as loading control.
(B) Quantification of relative expression levels of VEGFRs.
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are relatively lower than both VEGFR2 and VEGFRS3. This study confirmed the
successful expression of full-length FLAG-tagged VEGFRs in HEK293 Flp™ |[n™

T-Rex cells.

3.2.3. Expression analysis of VEGFR cell lines

3.2.3.1. Comparison of endogenous and recombinant expression levels of
VEGFRs in HEK293 cells

It was unknown whether the HEK293 cells express endogenous VEGFRs, which
may affect subsequent studies. To check the endogenous and tetracycline-
induced expression of all three VEGFRs a cell-based immunofluorescence
analysis was performed. HEK293 cells expressing VEGFRs were uninduced or
induced with tetracycline for 24 h, fixed and stained with VEGFR-specific
antibodies and anti-FLAG antibodies and processed for microscopy (Fig. 3.8).
Staining with anti-FLAG antibodies only allows the detection of recombinant
hybrid VEGFRs, whereas VEGFR-specific antibodies detect both endogenous
and recombinant VEGFRs. Non-transfected cells with tetracycline (+Tet) and
transfected cells without tetracycline (-Tet) were used as negative controls (Fig.
3.8).

Both non-transfected/parent and uninduced transfected cells (-Tet) showed low
levels of VEGFR1 staining within a juxtanuclear, Golgi-like compartment when
probed with anti-VEGFR1 antibody (Fig. 3.8A). However, in FLAG-VEGFR1
transfected cells, tetracycline induction showed an almost 2-fold increase in
VEGFRL1 levels with a similar staining pattern (Fig. 3.8D). In contrast, no staining
was visible for either VEGFR2 or VEGFR3 in parent cells or uninduced
transfected cells (Fig. 3.8B and Fig. 3.8C). Endogenous VEGFRL1 is clearly
present, but VEGFR2 and VEGFR3 are absent in the parent HEK293 T-Rex cell
line (Fig. 3.8D).
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Figure 3.8. Analysis of inducible VEGFR1, VEGFR2 and VEGFR3 expression
using microscopy. Human embryonic kidney 293 Flp-In™ T-Rex™ cells
expressing VEGFRs were induced with of tetracycline (1 mg/ml) for 24 h, fixed
and processed for immunofluorescence. (A-C) Indirect immunofluorescence
labelling and microscopy using goat anti-VEGFR or mouse anti-FLAG antibodies
respectively. Cells were then labelled with secondary anti-sheep AlexaFluor-488
or anti-mouse AlexaFluor-488 (green); nuclei stained with DAPI (blue). Scale bar,
100 um. (D) Quantification of relative expression levels of VEGFRs probed with
VEGFR- or FLAG-specific antibodies (left and right panels respectively).
Quantification was performed as mentioned in methods. Error bars indicate zSEM
(n=3). p< 0.05 (*), p<0.01 (**).
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3.2.3.2. Tetracycline induction and analysis of VEGFR1 and VEGFR2
expression in HEK293 T-Rex stable cell lines

To assess tetracycline-inducible VEGFR expression time-dependent immunoblot
analysis was performed. VEGFR1 and VEGFR2 cell lines were treated with 1
pg/ml tetracycline for 0, 12, 24, 36, 48 and 72 h, then subjected to immunoblot
analysis. The expression profiles of either VEGFRL1 (Fig. 3.9A) or VEGFR2 (Fig.
3.9B) are shown when induced with tetracycline. Bands corresponding to mature
VEGFRL1 can be seen at ~200 kDa and for mature VEGFR2 at ~250 kDa when
probed with goat anti-VEGFR1 and anti-VEGFR2 antibodies. Human endothelial
cells (HUVECSs) were used as a positive control for VEGFR expression, and non-
transfected HEK293 lysate was used as a negative control (Fig. 3.9). As HEK293
cells endogenously express low levels of VEGFRL1, relatively low levels of
VEGFRL1 are clearly evident at the 0 h time point (Fig. 3.9A). Tubulin protein was
used as a loading control for normalisation of expression levels. The VEGFR
tetracycline-induced expression profiles were relatively similar for both VEGFR1
and VEGFR2, with a gradual increase in expression from 0 h, which peaked at
36 h time point (post-stimulation) before declining. From these experiments, we
concluded that the optimal time period for maximal VEGFR output is achieved

between 24-36 h after the addition of tetracycline.
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Figure 3.9. Time-dependent induction of VEGFR expression. HEK293 T-Rex
stable cell lines expressing (A) FLAG-VEGFR1, or (B) FLAG-VEGFR2 were
induced with tetracycline (1 pg/ml) for 0, 12, 24, 36, 48 or 72 h before cell lysis
and immunoblotted. The western blots were probed with goat anti-VEGFR1 and
goat anti-VEGFR2 primary antibodies respectively. (C) Quantification of relative
FLAG-VEGFR1 and FLAG-VEGFR?2 levels over time.
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3.2.4. Analysis of cell surface VEGFR expression

We needed to demonstrate VEGFR cell surface localisation as a measure of
delivery of properly folded and processed VEGFR to the plasma membrane. To
do this, we quantified the percentage of intracellular and cell surface recombinant
VEGFRs, by measuring VEGFR pools at the cell surface vs. total. Normally,
secreted proteins that are delivered to have to also transit the ER, Golgi apparatus
and endoplasmic reticulum, and can also accumulate in endosomes. By using
detergent vs. non-detergent treatments in microscopy experiments, we can
determine % staining patterns in total (+detergent) vs. cell surface (-detergent).
As the FLAG tag attached to each VEGFR hybrid protein is located at the extreme
N-terminus; this is also located within the membrane lumen or extracellular
environment. Thus, accessibility to FLAG antibody labelling under detergent/no
detergent conditions during microscopy can give staining patterns representative
of total vs. cell surface FLAG-VEGFR distribution.

VEGFR1 and VEGFR2 cell lines were induced for 36 h with tetracycline, before
PFA fixation which does not permeabilise the plasma membrane (Boocock,
1990). Cells were then either permeabilised or non-permeabilised with 0.2 % (w/v)
Triton X-100 detergent and probed with either receptor-specific goat primary
antibody or mouse anti-FLAG primary antibody. The respective fluorescent
secondary antibodies were used to detect total or FLAG-VEGFR expression
patterns (Fig. 3.10). Non-transfected HEK293 T-Rex cells and transfected but
uninduced (-Tet) cells were used as negative controls. Fig. 3.10A shows the
permeabilised and non-permeabilised VEGFR1 cell line probed with either goat
anti-VEGFR1 antibody or mouse anti-FLAG antibody. As expected, because
HEK cells endogenously express VEGFR1, non-transfected HEK control as well
as VEGFRL1 non-induced (-Tet) cells showed significant staining when probed
with goat anti-VEGFRL1 antibody, and no staining was seen with mouse anti-FLAG
antibody (Fig. 3.10A). A key point is a 2-fold increase in VEGFR1 levels in
permeabilised cells when compared to non-permeabilised cells in all conditions

(Fig. 3.10B and 3.10C). Quantification of the total, intracellular and cell surface
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Figure 3.10. Analysis of VEGFRL1 pools. (A) HEK293 T-Rex cells expressing
FLAG-VEGFR1 were induced with tetracycline (1 mg/ml) for 36 h, fixed before
either permeabilisation with 0.2% (w/v) Triton X-100 or non-permeabilisation, and
processed for indirect immunofluorescence analysis. Cells were stained with
primary goat anti-VEGFR1 or mouse anti-FLAG, then labelled with secondary
anti-sheep AlexaFluor-488 or anti-mouse AlexaFluor-488 (green) and nuclear
DNA stained with DAPI (blue). Scale bar, 100 um. Quantification of (B) relative
levels of VEGFR1. (C) FLAG staining in non-permeabilised (NP) and
permeabilised (P) cells under uninduced (Ul) or induced (I) conditions. (D)
Quantification of relative intracellular and surface VEGFR1 levels relative to total
VEGFRZ2. Error bars indicate £SEM (n=3). p< 0.05 (*), p< 0.01 (**), p< 0.001 (***),
p< 0.0001 (****).
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Figure 3.11. Analysis of VEGFR2 pools. (A) HEK293 T-Rex cells expressing
FLAG-VEGFR2 were induced with tetracycline (1 mg/ml) for 36 h, fixed before
either permeabilisation with 0.2% (w/v) Triton X-100 or non-permeabilisation, and
processed for indirect immunofluorescence analysis. Cells were stained with
primary goat anti-VEGFR2 or mouse anti-FLAG, then labelled with secondary
anti-sheep AlexaFluor-488 or anti-mouse AlexaFluor-488 (green) and nuclear
DNA stained with DAPI (blue). Scale bar, 100 um. Quantification of (B) VEGFR2
staining or (C) FLAG staining in non-permeabilised (NP) and permeabilised (P)
cells under uninduced (UI) or induced (1) conditions. (D) Quantification of relative
intracellular and surface VEGFR2 levels relative to total VEGFR2. Error bars
indicate +SEM (n=3). p< 0.05 (*), p< 0.0001 (****),



93

FLAG-VEGFRL1 is shown in Fig. 3.10D at 36 h post-induction ~60% of VEGFR1
present in an internal pool whereas ~40% is present on a cell surface pool.

In the stable VEGFR2 HEK293 T-Rex cell line, there was no staining in non-
transfected HEK293 controls, and transfected uninduced (-Tet) when probed with
either goat anti-VEGFR2 antibody or mouse anti-FLAG antibody (Fig. 3.11A).
There was a >4-fold increase in total VEGFR2 levels in permeabilised cells (Fig.
3.11B and 3.11C). When the VEGFR2 cell surface and intracellular levels were
compared (Fig., 3.11D) ~75 % of VEGFR?2 is present in an internal pool with only
25% on the cell surface or plasma membrane.

3.3. DISCUSSION

In this chapter, we produced three recombinant pCDNAS/FRT/TO VEGFR
constructs to express processed N-terminal FLAG-tagged VEGFR1, VEGFR2,
and VEGFR3 hybrid proteins in an inducible manner. Consequently, these
constructs were stably integrated into HEK293 T-Rex cells and successfully
produced tetracycline-inducible VEGFR expression. The Tet repressor protein
binds to two Tet-Operator sequences to inhibit the transcription of the VEGFR
transgenes. Therefore, tetracycline must be added to the culture media which
diffuses into the cell nucleus and binds to the Tet repressor protein to enable a
conformational change and release from the Tet-O operator: this now allows the
transcription of VEGFR transgene, production of mRNA which is subsequently

translated into VEGFR protein which is processed and secreted (Fig. 3.1.)

The FLAG peptide tag was added to the N-terminus of each VEGFR, as an in-
frame fusion to the extracellular Ig domains for all three VEGFRs: this is because
the cytoplasmic tyrosine kinase activity is likely regulated by the flexibility of the
C-terminal tail such tags attached to the extreme C-terminus are known to
modulate kinase activity (Yokoyama et al., 2005). The presence of the 8-residue
FLAG peptide tag at the extreme N-terminus is also likely not to hinder or interfere
with VEGF ligand binding which usually occurs via Ig domains D2 and/or D3
(Hubbard and Miller, 2007, Dionne et al., 2018). Recombinant FLAG-VEGFR1

expressed in HEK293 cells showed a band at ~200 kDa and a soluble isoform at
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~110 kDa, For VEGFR2, a doublet band at ~250 and ~230 kDa indicated the
presence of the mature and immature VEGFR2 forms; a band of ~160 kDa was
also detected, which likely correlates to a VEGFR2 proteolytic fragment. For
VEGFR3, a doublet at ~230 kDa and ~200 kDa was detected, corresponding to
immature forms of the polypeptide before processing. The molecular mass of
recombinant VEGFRs detected by anti-VEGFR antibodies corresponds to the
molecular mass human VEGFRs expressed in primary human endothelial cells
(Fearnley et al., 2015). Also, FLAG-VEGFR expression was not detected in
uninduced cells, which demonstrates that VEGFR expression is tightly regulated
(Baron and Bujard, 2000).

Signal peptides govern the intrinsic signals for transportation of proteins to their
site of action which is subsequently cleaved from mature protein, Although, not
all proteins have signal peptides, there is evidence that suggests in the absence
of specific signal peptides, a sorting machinery incorporates the proteins into
transport vesicles based on the biochemical properties and sequence motifs (i.e.
extracellular/lumenal transmembrane, cytoplasmic domains) of the secreted
protein (Ponnambalam and Baldwin, 2003). However VEGFRs expressed in
endothelial cells have intrinsic signal peptides that are diverse in amino acid
composition and length, with different residue lengths of 26 for VEGFR1, 19 for
VEGFR2 and 24 for VEGFRS3, respectively (Kendall and Thomas, 1993, Zhang
and Henzel, 2004). Signal peptides are responsible for post-translational
modifications such as glycosylation and protein folding. Detection of VEGFRs on
the cell surface also indicates that human CD33 signal peptide facilitated efficient
secretion of recombinant proteins and assisted in trafficking to the plasma
membrane (Guler-Gane et al., 2016). The expression profiles of recombinant
VEGFRs corresponds to the size of native VEGFRs in endothelial cells,
suggesting the human CD33 signal peptide also facilitated native VEGFR

processing and glycosylation (Guler-Gane et al., 2016).

VEGFR receptor numbers at the surface of transfected cells are reported to be
between 500-50,000 for VEGFR1 and 6,000-150,000 for VEGFR2 per cell,

whereas, their numbers in human endothelial cell surface on average are reported
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to be ~1800+£100 for VEGFR1 and ~5800+300 for VEGFR2 (Imoukhuede et al.,
2013, Imoukhuede and Popel, 2011). Human endothelial cells have ~3-5-fold
more VEGFR2 on cell surface compared to VEGFR1 and their levels are
regulated by intracellular trafficking process which are unique to each VEGFR
(Imoukhuede and Popel, 2012). Cell-based studies showed that VEGFR1 is
trafficked to the cell surface from the trans-Golgi network (Mittar et al., 2009). It
has been estimated that ~80% VEGFR1 resides in an internal pool in the Golgi
apparatus (Mittar et al., 2009, Imoukhuede and Popel, 2012). In contrast,
VEGFR?2 is constitutively delivered to the plasma membrane from the Golgi and
internalised by endocytosis for delivery to endosomes (Ewan et al.,, 2006;
Lampugnani et al., 2006; Gample et al.,, 2006). VEGFR2 is routed via late
endosomes to either the lysosome for degradation (Bruns et al., 2010) or recycled
from endosomes (Jopling et al., 2011, 204). It was estimated that at least 40% of
total VEGFR2 resides intracellularly, either in trafficking compartments or stored
in endosomal compartments (Jopling et al., 2014, Yokoyama et al., 2005). It is
not possible to estimate the receptor numbers from our studies, but the proportion
of VEGFR1 in the plasma membrane pool was estimated at ~40%. The
corresponding VEGFR2 pool represented 25% of total receptor, which is relatively
low and does not reflect the situation in human endothelial cells, but it is safe to
say that the absolute numbers of receptors on the cell surface would be much

higher in HEK293 cells due to recombinant overexpression.
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CHAPTER 4

Purification and analysis of recombinant full-length
VEGFR1 and VEGFR2 membrane proteins

4.1. INTRODUCTION

The key role of VEGF ligands and their cognate VEGFRs in angiogenesis,
lymphangiogenesis, and cancer progression is well established (Hicklin and Ellis,
2005). Even though the mechanism of VEGF ligand binding to the VEGFR
extracellular domain is well studied, how VEGF binding mediates tyrosine kinase
activation in the cytoplasmic domain is still unclear. Resolving the structure of the
VEGFR-VEGF complex is crucial and more detailed investigations are needed to
improve our understanding of this important area of membrane biology linked to

a variety of human diseases.

X-ray crystallography, nuclear magnetic resonance (NMR), and single-particle
transmission electron microscopy (EM) are the important tools in biology which
are being used to resolve high-resolution structures of various soluble and
membrane proteins (Shi, 2014, Wang and Wang, 2017, Cavalli et al., 2007).
Alternatively, small-angle x-ray scattering (SAXS) can be used to determine the
oligomeric state and quaternary structures of proteins in solution, although to
relatively low resolution (Korasick and Tanner, 2018). A key limitation of
crystallography is the requirement for milligram amounts of highly purified
membrane protein in detergent solution, and at >1mg/mL concentration
(introducing additional potential problems around solubility). Without this,
obtaining well-ordered crystals for diffraction would be essentially impossible.
Where a mammalian cell expression system must be used, scale-up to achieve
this is technically difficult and prohibitively costly (Ishchenko et al., 2017). Even
with distinct challenges, the recent success in resolving the structure of
membrane-bound G-protein coupled receptors (GPCRs) produced in
baculovirus/insect cells has proved that the limitations can be overcomed
(Palczewski et al., 2000, Topiol, 2018).
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NMR spectroscopy is another important approach used in structural biology which
provides the structural information of membrane proteins in detergent micelles
and also in detergent-free native phospholipid bilayers (Columbus et al., 2009).
However, there is a size limitation with NMR, even after 30 years of development,
the membrane proteins that are largely studied are lower than 100 residues (Liang
and Tamm, 2016). There are few exceptions such as chemokine receptor CXCR1
and Anabaena sensory rhodopsin (ASR) (Park et al., 2012, Wang et al., 2013).
On the other hand, EM techniques are gaining prominence in studying structures
of biological assemblies (Fig. 4.1A), and recent technical advances in electron
microscopy (EM) field has allowed resolving structures of membrane proteins at
atomic resolution (Gold et al., 2014, De Zorzi et al., 2015).

Historically x-ray crystallography was used to resolve the structures of individual
Ig-like domains and kinase domain at resolution ranging from 1.7 - 4.2 A (Table.
1.2). Even though high-resolution structures of individual Ig-like domains were
available, the mechanism that drives the formation of homotypic contacts that
lead to dimerization and subsequent tyrosine kinase activation are not clearly
understood. Hofer and colleagues studied VEGFR2/VEGF ECD complex using
SAXS and determined low-resolution structure of ECD in solution which provided
first insights into orientation of Ig-like domains (Kisko et al., 2011). Later the same
group has used the combination of negative stain-EM and x-ray crystal structures
to resolve the structure of VEGFR1/VEGF ECD at 4 A resolution (Table. 1.2).
Thus, a combination of single-particle electron microscopy (EM), X-ray
crystallography and small-angle X-ray scattering (SAXS), have revealed details
of the ligand-binding to extracellular Ig-like domains and receptor-receptor
interactions (Markovic-Mueller et al., 2017, Park et al., 2018, Ruch et al., 2007a).

The main aim of the work presented in this chapter is to understand the complete
structural arrangement of at least one of the VEGFRs using negative stain
electron microscopy (EM) and to try and extend this using cryo-EM. Inducible
HEK293 stable cell lines expressing VEGFRs were generated and their
expression was characterized in the previous Chapter 3. Optimisation of

membrane protein solubilisation in detergent and purification is essential to
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Figure 4.1. Structural and biochemical studies linked to protein structures
in databases. (A) Cumulative entries of number of structures generated using
EM deposited in Electron Microscopy Databank (EMDB) and Protein Databank
(PDB) from 2002-2019. Image source https://www.emdataresource.org/statistics
(B) Percentage of protein deposits of different detergents used for purification of
membrane proteins in both EM and crystallography (adapted from Stetsenko and
Guskov, 2017).
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achieve sufficient quantity and quality of purified receptors in their active state. In
this study, the purification of two full-length membrane receptors i.e. VEGFR1 and
VEGFR2 were optimised using different detergent-based procedures, and

purified complexes were analyzed using single-particle negative stain EM.

Membrane proteins are difficult to study, as they are required to extract from the
membrane for structural studies. The hydrophobic surface areas of the proteins
especially the transmembrane domains need to be in native lipids to maintain their
active conformation (Garavito and Ferguson-Miller, 2001). Therefore, the proteins
are extracted using agents that mimic the lipid membrane environment.
Historically, the most widely used agents for membrane protein extraction are
detergents (Kotov et al., 2019). These are amphipathic compounds that contain
a hydrophilic head group (polar) and a hydrophobic tail (apolar), which act by
dissolving the lipid membrane bilayer and solubilising the membrane proteins by
burying the hydrophobic surface areas (e.g. transmembrane regions) into the
hydrophobic interior of detergent micelles. The detergents form micelles only
above the critical micellar concentration (CMC), which varies for each detergent;
such detergents are usually monomers below the CMC (Stetsenko and Guskov,
2017). Therefore, proteins are isolated from the cell membrane in their native-like
environment using such detergents that can allow the retention of key enzymatic

and/or functional activities.

The choice of detergent is crucial for successful protein solubilisation and
purification from cells and tissues. Generally, detergents are classified into three
major classes: non-ionic, ionic and zwitterionic (Seddon et al., 2004, Garavito and
Ferguson-Miller, 2001). Non-ionic detergents are uncharged and mild detergents
which only disrupts the lipid-lipid interactions and protein-lipid interactions, without
effecting protein-protein interactions (Schick, 1963). lonic detergents are charged
(either anionic or cationic), they are harsh detergents that completely denature
the protein by disrupting the protein-protein interactions (Moriyon and Berman,
1982). On the other hand, zwitterionic detergents are mildly harsh detergents
considered as an intermediate between nonionic and ionic detergent, they have

both anionic and cationic polar head groups with an overall neutral net charge.
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They break the protein bonds but don’t completely denature a protein like ionic
detergents (Hjelmeland, 1980, Henningsen et al., 2002). For structural studies
maintaining the native-like state of the protein is essential, therefore mild non-
ionic detergent was used for solubilisation. The most commonly used detergents
for membrane protein purification are n-dodecyl 3-D-maltoside (DDM) followed by
n-decyl-B-D-maltopyranoside (DM), n-octyl-B-D-glucopyranoside (OG) and n-
Dodecyl-N,N-Dimethylamine-N-Oxide (LDAO) which are all nonionic and have
been used extensively in structural biology, with DDM proving to be the most
successful (Fig. 4.1B) (Stetsenko and Guskov, 2017). All these detergents are
compatible with cryo-EM studies (Pryor and Travis, 2018).

However, there are possible side effects of removing the protein from its native
environment using detergents, such as adoption of a non-native structure or even
denaturation. Therefore, in recent years, polymers such as styrene-maleic acid
(SMA) copolymer that preserve native protein-lipid interactions are becoming
more widely used as alternative to detergents. This approach is used to extract
the protein and natural cell membrane lipids into SMA-lipid particles (SMALPS).
The integral membrane protein and its associated lipids are encircled by a ring of
polymer, the hydrophilic parts of the SMA ensuring solubility of the overall
complex. The SMA is amphipathic as it has an alternate hydrophobic (styrene)
and hydrophilic (maleic acid) moieties, and extracts small discs of membrane lipid
bilayer in which the membrane proteins are trapped, therefore the native
environment of the protein and its activity are retained (Postis et al., 2015). These
discs are relatively small (10-15 nm), hence there is a very low likelihood of

mulitiple proteins being trapped in a single complex.

Furthermore, the objective of this chapter is to solubilise the VEGFRSs in non-ionic
DDM/SMA co-polymer and perform an affinity-based purification using FLAG
fusion tag which consists of eight amino acids (DYKDDDDK) (Einhauer and
Jungbauer, 2001), followed by size exclusion chromatography (SEC). Size
exclusion chromatography or gel permeation chromatography is commonly used
for purification, measuring the molecular weight (Mr) and characterization of

protein complexes (Hong et al., 2012). The size exclusion chromatography as the
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name suggests allows separation of protein complexes based on their size.
Protein mixture is passed through a column containing uniformly sized porous
beads, proteins diffuse through the pores of the beads with different mobility
based on their size, this allows the fractionation of protein complexes and removal
of proteins and contaminants that are either smaller or larger than the target
protein (Engelke et al., 2019). In this chapter, comparative optimisation studies of
solubilisation using DDM detergent, SMA polymer, and purification were
performed on VEGFRs for structural analysis using single-particle electron

microscopy.

4.2. RESULTS

4.2.1. Immunoisolation of recombinant tagged VEGFR1, VEGFR2, and
VEGFR3 membrane proteins
A small-scale immunoisolation was performed to check VEGFR1, VEGFR2 and

VEGFR3 recovery from inducible HEK293 cell lines. Fig. 4.2A shows a Western
blot of VEGFR elutions probed with mouse anti-FLAG antibody. The uninduced
HEK cell lysates (-Tet) were used as a negative control for non-specific binding
to protein G column and purified FLAG-TRPM2 membrane protein (170 kDa) was
used as a positive control (Fig. 4.2A). VEGFR1 lane showed a band at ~190 kDa,
VEGFR2 at >200 kDa, two bands (200 and 180 kDa) were detected in VEGFR3
(Fig. 4.2A). The top VEGFR3 band likely represents the mature glycosylated full-
length VEGFR3 and the second smaller kDa band likely represents the immature
partially glycosylated receptor. The uninduced negative control showed no bands,
indicating that the DDM-solublised HEK293 lysates contained no polypeptides
that bound non-specifically to the immunoaffinity matrix. Fig. 4.2B shows the
guantification of relative levels of FLAG-VEGFRs isolated using this approach.
Same volume of lysates of VEGFR1, VEGFR2 and VEGFR3 were added to the
resin, the higher levels of VEGFR3 compared to VEGFR1 and VEGFR2 is
potentially due to higher expression of VEGFR2 as evident from Fig. 3.7 and 3.8,
this also indicate that final binding capacity of the resin was not reached. Further
optimisation was carried out on VEGFR1 and VEGFR2 membrane proteins with

a view to carrying out a detailed structural analysis of a specific VEGFR.
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Figure 4.2. Immunoisolation of tagged VEGFRs. (A) Western blots showing
immunoisolation of FLAG-tagged VEGFR1, VEGFR2 and VEGFR3 from HEK293
Flp-In™ T-Rex™ cell lines. Cells were solubilised in RIPA lysis buffer, incubated
with mouse a-FLAG antibody, and immune complex isolated using rabbit a-
mouse lgG-Protein G Sepharose beads. Anti-FLAG antibody was used to monitor
recombinant VEGFR using immunoblotting. Purified FLAG-TRPM2 protein was
used as a positive control (+ve FLAG). (B) Relative quantification of FLAG-
VEGFR using immunoisolation technique.
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4.2.2. Assessment of solubilisation of full-length VEGFR1 and VEGFR2
After validating the successful pulldown of VEGFRs using FLAG-affinity
purification, solubilisation studies were performed to assess the ability to
solubilise full-length VEGFR1 and VEGFR2 from cell membranes before
purification. The activity and stability of purified membrane proteins depend upon
the type of detergent used for membrane solubilisation. Initially, a milder non-ionic
detergent like n-Dodecyl B-D-maltoside (DDM) which has longer aliphatic chains
and very low critical micellar concentration (CMC) (0.17 mM) was used to
solubilise the VEGFR from inducible HEK293 cell lines (Stetsenko and Guskov,
2017).

HEK?293 cells expressing VEGFR1 and VEGFR2 were induced with 1 pg/ml of
tetracycline for 36 h and cell membranes were prepared from 5 x 10° cells by
sonicated and solubilised in 1% (w/v) DDM. To check for the solubility and protein
recovery, the solubilised membranes were centrifuged at 4,000 xg low speed to
collect the soluble supernatant (S1) and insoluble membrane pellet (P1). The
supernatant (S1) was then further subjected to high-speed centrifugation to
collect the soluble supernatant (S2) and insoluble membrane (P2). Both
membrane pellets (P1) and (P2) were dissolved in an equivalent volume of SDS-
PAGE sample buffer to the supernatant volumes so that the levels of receptor in
all the samples could be directly compared. The final soluble supernatant (S2)
was incubated with monoclonal antibody M2 FLAG resin and bound FLAG-
VEGFR was eluted using glycine before neutralisation. The flow-through was also
collected to check for the relative level of unbound VEGFRs (UB). Equal
representative percentages of all fractions were loaded on to an SDS-PAGE gel
and then transferred on to a western blot. Fig. 4.3A and 4.3B show the Western
blot data of soluble, insoluble, unbound and eluted VEGFR1 and VEGFR2 probed
with goat anti-VEGFR1 and goat anti-VEGFR2 primary antibodies respectively.
The soluble supernatant 1 (S1) shows the full-length VEGFR1 at 190 kDa and
other soluble fragments at sizes ~80, 65, 50, 40, 35 and 25 kDa (Fig. 4.3A). This
indicates that the VEGFR1 undergoes proteolysis at multiple sites. Whereas,
VEGFR2 soluble supernatant (S1) in shows a dominant clear band at ~250 kDa
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and a very faint band at ~60 kDa (Fig. 4.3B). This shows that VEGFR2 is more
stable to proteolysis compared to VEGFR1. The relative quantification (Fig. 4.3C)
of both VEGFR1 and VEGFR2 shows that less than 10% of full-length VEGFR1
was finally purified, whereas >80% of full-length VEGFR2 was retained in fraction

E1l. The total was calculated by adding the amount of S1 and P1.

Non-specific proteolysis or degradation of proteins during purification is a frequent
hurdle. To assess whether this could be reduced, especially in the case of
VEGFR1, solubilisation was performed presence of 2% (w/v) bovine serum
albumin (BSA) to quench proteolysis effects. BSA can act as a decoy protein for
non-specific proteases (Chakrabarti et al., 2016). Western blots of solubilised and
purified VEGFR1 and VEGFR2 in the presence of BSA revealed no improvement
in proteolytic degradation of VEGFR1 (Fig. 4.4C and 4.4E). However, VEGFR2
still remained stable with most of the receptor retained (Fig. 4.4D and 4.4E).
Therefore, further optimisation studies were performed without BSA and focused
largely on recombinant VEGFR2. These elutions were performed using 100 mM
glycine HCI pH 3, even though low pH buffer completely dissociates the antigen-
antibody interactions without permanently affecting the protein structure;
nevertheless, low pH frequently leads to denaturation of proteins (Narhi et al.,
1997). Therefore, further optimisation was performed to elute the FLAG-VEGFR
using excess competing FLAG peptide to retain VEGFRs in a non-denatured
state. Optimisation of elution of FLAG-VEGFR1 and FLAG-VEGFR2 was
performed with stepwise increases in FLAG peptide concentrations followed by
immunoblot analysis of eluted FLAG-VEGFR1 (Fig. 4.5A) or FLAG-VEGFR2 (Fig.
4.5B). Relative quantification of FLAG elution profiles of VEGFR1 and VEGFR2
(Figure 4.5C) showed some differences: FLAG-VEGFR1 maximally eluted at 75
pg/ml FLAG peptide, however, FLAG-VEGFR2 maximally eluted at 200 pg/ml
FLAG peptide. Even though the working concentration of FLAG peptide to elute
most FLAG fusion proteins is 100 pg/ml (Gerace and Moazed, 2015), FLAG-

VEGFR2 elution required a higher working concentration.
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Figure 4.3. Detergent solubilisation of VEGFRs from membranes using
DDM. Western blots showing VEGFRs solubilised in 1% (w/v) DDM and affinity
purified using anti-FLAG M2 monoclonal antibody resin (see Materials and
Methods), (A) VEGFR1, and (B) VEGFR2 probed with goat anti-VEGFR1 and
goat anti-VEGFR2 primary antibodies respectively. (C) Relative quantities of
different fractions supernatant 1 (S1), pellet 1 (P1), supernatant 2 (S2), pellet 2
(P2), unbound (UB), elution 1 (E1), and elution 2 (E2) are shown. VEGFR1 (black)

or VEGFR2 (red) solubilisation and recovery.
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Figure 4.4. Blocking VEGFR proteolysis using BSA as a carrier protein.
Western blots showing VEGFRs solubilised in 1% (w/v) DDM in the presence of
2% (w/v) BSA and affinity purified using anti-FLAG M2 mAb as previously
described. VEGFR1 and VEGFR2 probed with goat anti-VEGFR1 and goat anti-
VEGFR2 primary antibodies respectively. Relative quantities of different fractions
supernatant 1 (S1), pellet 1 (P1), supernatant 2 (S2), pellet 2 (P2), unbound (UB),
elution 1 (E1), and elution 2 (E2) are shown. Immunoblot analysis of purification
for (A) VEGFRL1, and (B) VEGFR2. (C, D) Relative quantification of full-length
VEGFR solubilisation and recovery in the absence (black) or presence (red) of
BSA. (E) Western blot of elution of either VEGFR1 or VEGFR2 in the presence of
2% BSA. VEGFRL1 is highly sensitive to proteolysis, with breakdown products of
VEGFRL1 observed at ~80, 65, 50, and 35 kDa. On the other hand, only one band
is detected for VEGFR2 at ~250 kDa indicating resistance to proteolysis.
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Figure 4.5. Elution of VEGFRs using FLAG peptide. Western blots showing
VEGFRs solubilised in 1% (w/v) DDM and affinity purified using anti-FLAG M2
mAb. VEGFRs is eluted using either 25, 50, 75, 150 or 200 pug/ml FLAG peptide,
VEGFR1 and VEGFR2 probed with goat anti-VEGFR1 and goat anti-VEGFR2
primary antibodies respectively. (A) VEGFR1, and (B) VEGFR2. (C) Relative
guantification of VEGFR elution with different concentrations of FLAG peptide.
VEGFR1 and VEGFR2 maximally elute at 75 and 200 pug/ml FLAG peptide
respectively.
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4.2.3. Effect of varying the protein:detergent ratio on receptor

Based on the above optimisation studies on proteolytic stability and protein
retention, VEGFR2 was chosen for further analysis and EM studies. The protein-
detergent mass ratio is also an important parameter for the solubilisation of cell
membranes. Evidence suggests that higher detergent concentration doesn’t
necessarily achieve higher solubilisation, whereas at lower concentrations the
protein of interest might not retain its native state and gets degraded (Womack et
al., 1983, Lichtenberg et al., 1983). It is important to characterize the detergent
and total membrane protein mass ratio to measure the mass of detergent or
polymer at which the maximal solubility is achieved. The solubility of VEGFR2
was initially analysed in 1% (w/v) DDM detergent, to further increase membrane
protein solubility, a different mass ratio of DDM detergent and SMA polymer with

total membrane protein were used.

The cell membranes containing recombinant VEGFR2, solubilised in different
protein and detergent (w/w) ratios; optimisation was performed using DDM
detergent and SMA polymer. Three fractions i.e. total (T), soluble (Sol), and
insoluble (Insol) were collected and subjected to SDS-PAGE and western blot
using an anti-VEGFR2 antibody (Fig. 4.6). Variation of DDM (Fig. 4.6A) or SMA
(Fig. 4.6B) was used to evaluate optimal recombinant FLAG-VEGFR2 recovery.
Quantification of these data suggests that using DDM, maximal solubilisation is
achieved at 1:1 ratio (Fig. 4.6C), whereas using SMA, better solubilisation is
achieved at 1:10 ratio of membrane protein:SMA (Fig. 4.6D). These data
suggested that significant differences in membrane recovery using these two

types of reagents for membrane protein solubilisation and purification.
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Figure 4.6. Comparison of VEGFR2 solubilisation with DDM and SMA
(protein and detergent ratio (w/w)). Western blots showing solubilisation of
VEGFR2 with equal quantities of each fraction analysed by immunoblotting. (A)
DDM detergent, (B) SMA polymer comparison for VEGFR2 solubilisation. Total
(T), soluble (S), and Insoluble (Insol). Relative quantification of soluble and
insoluble VEGFR2 using (C) DDM or (D) SMA respectively. Western blots are
developed by probing with goat anti-VEGFR2 antibody
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4.2.4. Isolation and analysis of recombinant VEGFR2

For structural analysis using EM, recombinant FLAG-VEGFR2 needs to be pure
and free of impurities, and a one-step FLAG-based immunoaffinity purification is
estimated to produce moderately pure protein at ~50-60 % purity (Kimple et al.,
2013, Lichty et al., 2005) which is sub-standard and not pure enough for EM
analysis (Lyumkis, 2019). After establishing the solubility and elution parameters,
purified FLAG-VEGFR2 was subjected to SDS-PAGE and the purity was
estimated using Coomassie blue and silver staining (Mohan, 1992). Coomassie
staining is able to detect as low as 0.2 ug of protein (He, 2011), but the more
sensitive silver stain can detect protein as low as 10 ng (Chevallet et al., 2006).
Using these two staining approaches the quantity and purity of FLAG-VEGFR2
were estimated (Fig. 4.7).

Based on previously established optimisation studies, FLAG-VEGFR2 was
purified from HEK293 cell membranes by solubilising in 1:1 (total membrane
protein:DDM) (w/w) and batch eluted by using 100 ug/ml and 200 ug/ml FLAG
peptide (Fig. 4.7). At each FLAG peptide concentration, three elution fractions
were collected i.e. 100 ug/ml (E1-E3) and 200 ug/ml (E4-E6). The unbound flow-
through (UB) and elution fractions (E1-E6) were run on SDS-PAGE and probed
by Western blot using the goat anti-VEGFR2 antibody (Fig. 4.7A). Full-length
detergent-solubilised VEGFR2 eluted in fractions E5 and E6 as expected (Fig.
4.7A). The relative quantification of the amount of FLAG-VEGFR2 was estimated,
showing a maximal recovery in fraction E6 (Fig. 4.7B). Fractions subjected to
SDS-PAGE and Coomassie blue staining (Fig. 4.7C), or silver staining (Fig.
4.7D), both showed a band at ~250 kDa in all elutions (E1-E6) close to the
expected size for FLAG-VEGFR2. Two other dominant bands were observed in
elution fractions (E4-E6) at ~65 kDa and ~40 kDa. Even though the presence of
VEGFR2 was clearly verified in E6 using western blot (Fig. 4.7A), a clear band for
FLAG-VEGFR2 was not detected in E6 using Coomassie blue and silver staining
(Fig. 4.7C and 4.7D).
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Figure 4.7. SDS-PAGE analysis of purified VEGFR2 using DDM. VEGFR2
solubilised in DDM and affinity purified, eluted using sequential elutions of 100
pg/ml and 200 pg/ml FLAG peptide. Equal volumes of unbound (UB) and eluted
fractions (E1-E6) were subjected to SDS-PAGE analysis. (A) Western blot of
eluted VEGFR2 probed with goat anti-VEGFR2 primary antibody. (B) Relative
quantification of VEGFR2 using DDM-based purification. (C) SDS-PAGE and
Coomassie blue staining of VEGFR2 elutions. (D) SDS-PAGE and silver staining
of VEGFR2 elutions. Multiple bands at various sizes were detected with
Coomassie and silver stain, indicating impurities in the eluted fractions.
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Figure 4.8. SDS-PAGE analysis of purified VEGFR2 using SMA. VEGFR2
solubilised in SMA and affinity purified, eluted using sequential elutions of 100
pg/ml and 200 pg/ml FLAG peptide. Equal volumes of unbound (UB) and eluted
fractions (E1-E6) were subjected to SDS-PAGE analysis. (A) Western blot of
eluted VEGFR2 probed with goat anti-VEGFR2 primary antibody. (B) Relative
guantification of VEGFR2 using SMA-based purification. (C) SDS-PAGE and
Coomassie blue staining of VEGFR2 elutions. (D) SDS-PAGE and silver staining
of VEGFR2 elutions. Multiple bands at various sizes were detected with
Coomassie and silver stain, indicating impurities in the eluted fractions.
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Alternatively, solubilising cell membranes in 1:10 (total protein:SMA) (w/w) was
subjected to a similar analysis using western blotting and purified FLAG-VEGFR2
evaluation (Fig. 4.8). The Western blot showed full-length VEGFR2 elution at 200
ug/ml FLAG peptide concentration (fractions E4-E6) (Fig. 4.8A). The relative
guantification of FLAG-VEGFR2 elution showed the highest amounts of VEGFR2
in fraction E6 (Fig. 4.8B). These fractions were then analysed using SDS-PAGE
and Coomassie blue or silver stain (Fig. 4.8C and 4.8D). Interestingly, the 250
kDa band observed during the DDM purification procedure was not detected
when the membrane was solubilised in SMA, whereas the two dominant bands at
~65 kDa and ~40 kDa were still observed. Except for the 250 kDa band, the
elution profiles look the same for DDM (Fig. 4.7) and SMA (Fig. 4.8). Overall, from
this study, it can be said that a full-length VEGFR2 can be solubilised and isolated
using DDM detergent and SMA polymer. Furthermore, no distinguishable bands
were detected for FLAG-VEGFR2 which potentially indicates that the amount of
purified VEGFR2 was still lower than the detection limit for Coomassie blue as
well as a silver stain; multiple bands detected <200 kDa could either be proteolytic
fragments of VEGFR2 or impurities. However, such bands were not detected on
Western blotting using anti-VEGFR2, which indicates that they are impurities.
Nonetheless, further analysis is needed to identify the proteins in those low

molecular mass bands.

4.2.4.1. Extracted VEGFR2 analysis by mass spectrometry

Mass spectrometry (MS)-based protein analysis was performed to check the
identity of polypeptides isolated as part of the FLAG-VEGFR2 purification (Fig.
4.9). The DDM-solubilised and extracted FLAG-VEGFR?2 fraction was subjected
to SDS-PAGE and silver staining (Fig. 4.9A). Three prominant bands labeled A,
B and C (250, 65 and 40 kDa) (Fig. 4.9A, red boxes) were excised and analyzed
using tryptic digestion and tandem MS to produce a peptide fingerprint of the
polypeptide species present in each region of the gel. The tryptic fingerprint data
were processed using MASSLYNX 3.5 software, and the peptide sequences
obtained were submitted for BLAST search on NCBI
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(https://blast.ncbi.nim.nih.gov/Blast.cqi) to identify the proteins (Table. 4.1). In

band A (~250 kDa), four proteins were identified with different peptide coverages,
VEGFR2 was also detected (Table 4.1). However, the number of peptides
mapped and the percentage coverage of VEGFR2 was very low (Fig.4.9B). Two
other proteins detected with more protein coverage were spectrin 3 chain
(SPTB2) and spectrin o chain (SPTN1). Spectrin B and o are two subunits of the
spectrin scaffold protein that link the plasma membrane to the actin cytoskeleton,
which are involved in the arrangement of the cell structure (Hulsmeier et al.,
2007). Usually, the sequence coverage directly depends on the relative
abundance of each polypeptide in the gel; this indicates that the elution has more
dominant impurities than the FLAG-VEGFR2. Moreover, no fragments of FLAG-
VEGFR2 were detected in bands B (65 kDa) and C (40 kDa) (Appendix). The
contaminants detected in those two bands are listed in supplementary Tables B1
and B2 (Appendix).

Furthermore, a similar MS analysis performed on FLAG-VEGFR2 solubilised in
SMA polymer (Fig. 4.10). The protein gel was stained with silver stain and three
bands A, B and C (Fig. 4.10A) were excised and analyzed using tryptic digestion
and mass spectrometry. A very faint band was visible >200 kDa and this identified
only VEGFR2 with very low coverage (Fig. 4.10B; Table 4.2). Other protein
contaminants were detected in the other two bands B and C which are listed in
Supplementary Tables B3 and B4 (Appendix B). This concludes that solubilisation
in DDM detergent carries more impurities compared to SMA. However, it is crucial
to note that the tryptic peptides identified in this analysis were derived from both
the VEGFR2 extracellular domain and cytoplasmic tyrosine kinase domain (Fig.
4.9 and 4.10).


https://blast.ncbi.nlm.nih.gov/Blast.cgi
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B 1 MQSKVLLAVA LWLCVETRAA SVGLPSVSLD LPRLSIQKDI LTIKANTTLQ ITCRGQRDLD WLWPNNQSGS EQRVEVTECS B Oxcation (M) (+15.99)
DGLFCKTLTI PKVIGNDTGA YKCFYRETDL ASVIYVEVQDINRSPFIASVS DQHGVVYITE NKNKTVVIPC LGSISNLNVS

LCARYPEKRE VPDGNRISWD SKKGETIPSY MISYAGMVFC EAKINDESYQ SIMYIVVVVG YRIYDVVLSP SHGIELSVGE
KLVLNCTART ELNVGIDFNW EYPSSKHQHK KLVNRDLKTQ SGSEMKKFLS TLTIDGVTRS DQGLYTCAAS SGLMTKKNST
FVRVHEKPFV AFGSGMESLV EATVGERVRI PAKYLGYPPP EIKWYKNGIP LESNHTIKAG HVLTIMEVSE RDTGNYTVIL
TNPISKEKQS HVVSLVVYVP PQIGEKSLIS PVDSYQYGTT QTLTCTVYAI PPPHHIHWYW QLEEECANEP SQAVSVTNPY
PCEEWRSVED FQGGNKIEVN KNQFABDIEGK NKTVSTLVIQ AANVSALYKC EAVNKVGRGE RVISFHVTRG PEITLQPDMQ

PTEQESVSLW CTADRSTFEN LTWYKLGPQP LPIHVGELPT PVCKNEDTEWIKLNATMFSNS TNDILIMELK NASLQDQGDY

1 VCLAQDRKTK KRHCVVRQLT VLERVAPTIT GNLENQTTSI GESIEVSCTA SGNPPPQIMW FKDNETLVED SGIVLKDGNR
NLTIRRVRKE DEGLYTCQAC SVLGCAKVEA FFIIEGAQEK TNLEIIILVG TAVIAMFFWL LLVIILRTVK RANGGELKTG
YLSIVMDPDE LPLDEHCERL PYDASKWEFP RDRLKLGKPL GRGAFGQVIE ADAFGIDKTA TCRTVAVKML KEGATHSEHR

1 ALMSELKILI HIGHHLNVVN LLGACTKPGG PLMVIVEFCK FGNLSTYLRS KRNEFVPYKT KGARFRQGKD YVGAIPVDLK
RRLDSITSSQ SSASSGFVEE KSLSDVEEEE APEDLYKDFL TLEHLICYSF QVAKGMEFEANSRKCIHRDLA ARNILLSEKN

VVRKICDFGLA RDIYKDPDYV RKGDARLPLK WMAPETIFDR VYTIQSDVWS FGVLLWEIFSELGASPYPGVK IDEEFCRRLK

EGTRMRAPDY TTPEMYQTML DCWHGEPSQR PTFSELVEHL GNLLQANAQQ DGKDYIVLPI SETLSMEEDS GLSLPTSPVS
CMEEEEVCDP KFHYDNTAGI SQYLONSKRK SRPVSVKTFE DIPLEEPEVK VIPDDNQTDS GMVLASEELK TLEDRTKLSP
SFGGMVPSKS RESVASEGSN QTSGYQSGYH SDDTDTTVYS SEEAELLKLI EIGVQTGSTA QILQOPDSGTT LSSPPV

Figure 4.9. Peptide identification VEGFR2 solubilized in DDM using mass
spectrometry analysis. (A) Silver stained gel showing the purified VEGFR2
fraction was further analysed using mass spectrometry. The boxed bands labelled
A, B and C (250, 65, and 40 kDa respectively) were excised, subjected to tryptic
digestion, mass spectrometry, tryptic fingerprinting with database analysis. (B)
Peptides identified in band A (250 kDa) confirm the identity of the protein as full-
length VEGFR2 with the mixture of other protein impurities, Position of oxidation
is highlighted (orange, 0).
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MQSKVLLAVA LWLCVETRAA SVGLPSVSLD LPRLSIQKDI LTIKANTTLQ ITCRGQRDLD WLWPNNQSGS EQRVEVTECS 1 Oxidation (M) (+15.95)
DGLFCKTLTI PKVIGNDTGA YKCEFYRETDL ASVIYVYVQD YRSPFIASVS DQHGVVYITE NKNKTVVIPC LGSISNLNVS
161 LCARYPEKRF VPDGNRISWD SKKGFTIPSY MISYAGMVFC EAKINDESYQ SIMYIVVVVG YRIYDVVLSP SHGIELSVGE
KLVLNCTART ELNVGIDFNW EYPSSKHQHK KLVNRDLKTQ SGSEMKKFLS TLTIDGVTRS DQGLYTCAAS SGLMTKKNST
321 FVRVHEKPFV AFGSGMESLV EATVGERVRI PAKYLGYPPP EIKWYKNGIP LESNHTIKAG HVLTIMEVSE RDTGNYTVIL
TNPISKEKQS HVVSLVVYVP PQIGEKSLIS PVDSYQYGTT QTLTCTVYAI PPPHHIHWYW QLEEECANEP SQAVSVTNPY
PCEEWRSVED FQGGNKIEVN KNQFALIEGK NKTVSTLVIQ AANVSALYKC EAVNKVGRGE RVISFHVTRG PEITLQPDMQ

561 PTEQESVSLW CTADRSTFEN LTWYKLGPQP LPIHVGELPT PVCKNLDTLW KLNATMFSNS TNDILIMELK NASLQDQGDY
VCLAQDRKTK KRHCVVRQLT VLERVAPTIT GNLENQTTSI GESIEVSCTA SGNPPPQIMW FXDNETLVED SGIVLKDGNR
NLTIRRVRKE DEGLYTCQAC SVLGCAKVEA FFIIEGAQEK TNLEIIILVG TAVIAMFFWL LLVIILRTVK RANGGELKTG
YLSIVMDPDE LPLDEHCERL PYDASKWEFP RDRLKLGKPL GRGAFGQVIE ADAFGIDKTA TCRTVAVKML KEGATHSEHR
ALMSELKILI HIGHHLNVVN LLGACTKPGG PLMVIVEFCK FGNLSTYLRS KRNEFVPYKT KGARFRQGKD YVGAIPVDLK
RRLDSITSSQ SSASSGFVEE KSLSDVEEEE APEDLYKDFL TLEHLICYSF QVAKGEE!ZA SRKCIHRDLA ARNILLSEKN

1041 VVKICDFGLA RDIYKDPDYV RKGDARLPLK WMAPETIFDR VYTIQSDVWS FGVLLWEIFS LGASPYPGVK IDEEFCRRLK
EGTRMRAPDY TTPEMYQTML DCWHGEPSQR PTFSELVEHL GNLLQANAQQ DGKDYIVLPI SETLSMEEDS GLSLPTSPVS

1201 CMEEEEVCDP KFHYDNTAGI SQYLONSKRK SRPVSVKTFE DIPLEEPEVK VIPDDNQTDS GMVLASEELK TLEDRTKLSP
SFGGMVPSKS RESVASEGSN QTSGYQSGYH SDDTDTTVYS SEEAELLKLI EIGVQTGSTA QILQPDSGTT LSSPPV

Figure 4.10. Mass spectrometry analysis of SMA-based purified VEGFR2.
(A) Silver stained gel showing the purified VEGFR?2 fraction was further analysed
using mass spectrometry. The boxed bands labelled A, B and C (250, 65, and 40
kDa respectively) were excised, subjected to tryptic digestion, mass
spectrometry, tryptic fingerprinting with database analysis. (B) Peptides identified
from band A confirm the identity of the protein as full-length VEGFR2 (250 kDa)
with additional protein impurities. Position of oxidation is highlighted (orange, 0).
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Table 4.1. VEGFR2 and other proteins identified using tryptic digestion and mass
spectrometry from band A (Figure 4.9A).VEGFR2 highlighted in red

Protein ID  Accession Coveﬂrage Peptides PTM . Description

474 Q01082|SPTB2 22 49 Y 274608 Spectrin beta chain, non-
HUMAN erythrocytic 1 0S=Homo sapiens
GN=SPTBN1 PE=1 SV=2
475  Q13813|SPTN1 11 27 N 284538 Specitrin alpha chain, non-
HUMAN erythrocytic 1 OS=Homo sapiens
GN=SPTAN1 PE=1 SV=3
477  P35968IVGER? 3 5 ¥ 151526 Vascular endothelial growth factor
HUMAN receptor 2 05= Homo sapiens
GN=KDR PE=1 8V=2
11 P02768|ALBU 5 3 N 6a367  Serum albumin OS=Homo sapiens
HUMAN GN=ALB PE=18 V=2

Total proteins 4

Table 4.2. VEGFR2 identified using tryptic digestion and mass spectrometry from
band A (Figure 4.10A).. VEGFR2 peptide sequence highlighted in red.

Protein ID pccession Coverage pgptides PTM Avg. Description
(%) Mass
5 P35968IVGFR 2 3 Y 151526  Vascular endothelial growth factor
2 HUMAN receptor 2 OS=Homo sapiens

GN=KDR PE=1 SV=2

Total proteins 1
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4.2.4.2. Preclearing the lysate with IgG improves the purity of extracted
VEGFR2

Two main obstacles that needed to be addressed were the purity and the quantity
of solubilised VEGFR2 before proceeding to EM analysis. A subsequent second
purification can be performed using size exclusion chromatography (SEC) to
separate the eluted proteins based on their molecular weight. However, the main
concern was the ~200-250 kDa o and 3 chain spectrin as contaminants which are
around the same molecular mass as full-length VEGFR2; other major
contaminants are smaller than 150 kDa and can be eliminated by SEC.

The spectrin a and B chains are unlikely to bind to the anti-FLAG antibody and
probably bind non-specifically to the FLAG mAb-agarose beads. To improve the
purity, a pre-clearing step was introduced with mouse IgG-agarose beads. The
membranes were solubilised with DDM or SMA and run-through the mouse 1gG-
agarose resin to trap and eliminate non-specific binding contaminants before
adding it to mouse monoclonal M2 FLAG-agarose resin. VEGFR2 was then
extracted from the pre-cleared lysate by competitive elution with FLAG peptide
(Fig. 4.11). The eluted fractions were subjected to Western blotting for VEGFR2
(Fig. 4.11A and 4.11B). Interestingly, purified VEGFR2 eluted at 100 pg/ml FLAG
peptide concentration. Silver staining was then used to further visualize protein
content in eluates (Fig. 4.11C and 4.11D). In these experiments, spectrin and
other high molecular mass contaminants were not detected (Fig. 4.11C and
4.11D). However, the two contaminants at ~65 kDa and 40 kDa were still
observed which could be eliminated in the next purification step (Fig. 4.11C and
4.11D).
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Figure 4.11. Refinement of VEGFR2 purification procedure. (A, B) Western
blotting of DDM or SMA-based VEGFR2 purification procedures. Cell lysates
were pre-cleared with Protein G-Sepharose resin before FLAG-based purification
(see Materials and Methods), western blots were probed with goat anti-VEGFR2
primary antibody SDS-PAGE of purified VEGFR2 using either (C) DDM, or (D)
SMA followed by silver staining and evaluation. IgG pre-clearing enabled the use
of 100 pg/ml FLAG peptide for VEGFR2 elution, with less background
contamination.
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4.2.5. Molecular mass estimation of purified VEGFR2

Using denaturing SDS-PAGE and Western blotting, the size of glycosylated full-
length VEGFR2 monomer was estimated at ~250 kDa (Fig. 4.3B). However,
whether VEGFR2 is monomeric or dimeric after solubilisation in DDM detergent
and the homogeneity was still unknown. Studies were carried out to characterize
the multimeric status of extracted VEGFR2.

4.2.5.1. SEC analysis of DDM solubilised VEGFR2

To further improve the quality, a second step purification was performed using
size exclusion chromatography (SEC). This gel filtration separates multiple
protein mixture based on their size. Theoretically, large protein complexes elute
faster as they move without diffusing through the pores whereas, smaller proteins
are eluted slower due to diffusion (Hong et al., 2012). The objective of this study
was to improve the purity of VEGFR2 by separating the impurities on the basis of
their size, determine the molecular mass of the extracted VEGFR2 and estimate

its molecular mass distribution.

Three elutions of VEGFR2 (E1, E2, and E3) (Fig. 4.12A) were pooled together
and concentrated using a 100 kDa molecular weight cutoff (MWCO) filter to
remove the impurities lower than 100 kDa. After quantification, approximately 50-
100 pg of eluted protein was loaded onto a Superose 6 Increase 5/150 GL
column. Fig. 4.12B shows the chromatogram of the concentrated VEGFR2 pool.
The size exclusion elution profile showed five distinct peaks (labeled 1-5), the
elution fractions were collected (A6-B12) and analyzed using antibody-based dot
blots to detect VEGFR2 (Fig. 4.12C, top panel). The pool of soluble VEGFR2 was
largely detected in fractions B2 and B3, and very less in B4 and B5 (Fig. 4.12C).
Interestingly, none of the other peaks (with protein content) had immune-reactive
VEGFR2 (Fig. 4.12C), indicating unwanted contaminants were successfully
removed. This indicates that the pooled elutions after first step immunoaffinity
purification still contained relatively higher levels of impurities compared to
VEGFR2. The western blot of B2-B4 fractions show full-length intact VEGFR2 (Fi.
4.12C lower panel).
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Figure 4.12. Size exclusion chromatography on purified FLAG-VEGFR2. (A)
Eluted VEGFR2 fractions (E1, E2, E3). (B) Fractions E1-E3 were pooled,
concentrated and loaded onto a Superose™ 6 Increase 5/150 GL column and
absorbance at 280 nm monitored. Fractions A6-B12 are shown on the trace
diagram. (C) Equal volumes from each SEC fraction were immunoblotted using
goat a-VEGFR?2 antibody either as dot blots (upper panel) or SDS-PAGE (lower

panel). Most full-length purified VEGFR2 was evident in fractions B2-B5.
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The next objective was to identify the size of eluted VEGFR2. The Superose 6
5/150 GL column was calibrated using protein standards such as thyroglobulin
(660 kDa), aldolase (158 kDa), creatinine phosphokinase (81 kDa dimer) and
carbonic anhydrase (29 kDa) (Fig. 4.13). These protein standards were
solubilised in a buffer containing DDM detergent and fractionated through the
Superose 6 column (Fig. 4.13). The calibration curve was plotted using the gel-
phase distribution coefficient (Kav) versus the logarithm molecular mass (Log
MW). The estimated molecular mass range (kDa) of fractions containing VEGFR2
was measured and listed in Table. 4.3. The size of VEGFR2 eluted in fractions
B2 and B3 (Fig. 4.13E) was estimated at 410.9 + 68 and 301.55 + 53 kDa
respectively. The size of each DDM detergent micelle was reported to be 70 kDa
(VanAken et al., 1986, Strop and Brunger, 2005). A full-length VEGFR2 (250 kDa)
monomer trapped in 70 kDa DDM detergent micelle is approximately 320 kDa.
This confirmed that DDM solubilized VEGFR?2 is likely to be monomeric in nature.

Table 4.3. Estimated MW peaks during VEGFR2. The mass range of VEGFR2
fractions were measured by from fraction elution (Ve). The sizes represented are
the maximum and minimum possible mass of each fraction.

Eluted fraction Fraction Vg (mL) Estimated M,
range in kDa

B2 1.8-1.9 410.9 + 68

B3 1.9-2.0 301.55 + 53
B4 2.0-2.1 203.35 +44.95

B5 2.1-2.2 118.9 + 39.5
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Figure 4.13. Molecular mass calibration of SEC column. Proteins of known
molecular weights were solubilized in 0.05% (w/v) DDM and run through the
Superpose 6 column to standardize their Mr elution and estimate the size of
purified VEGFR2. Chromatograms of (A) thyroglobulin (660 kDa), (B) aldolase
(158 kDa), (C) creatine phosphokinase (81 kDa dimer), (D) carbonic anhydrase
(29 kDa), and (E) Purified VEGFR2 pool.
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4.2.5.2. Native PAGE analysis of purified VEGFR2

A native PAGE analysis was used to further characterize purified VEGFR2 and
also to test whether purified VEGFR2 could be induced to form dimers in the
presence of VEGF-A ligand. In contrast to SDS-PAGE, native PAGE analysis
allows separation of proteins in a native state by preserving the protein-protein
interactions and multimeric complexes, therefore it is possible to estimate the size
and multimeric state of soluble and membrane proteins under such conditions
(Arndt et al., 2012). The eluted B2 fraction from previous SEC studies (Fig. 4.13E)
was used in native PAGE analysis. A Western blot of blue native PAGE using
goat-anti VEGFR2 antibody on VEGFR2 in the presence or absence of VEGF-A
and ATP showed differing effects (Fig. 4.14A). Purified VEGFR2 was ~250-350
kDa in size but formed higher-order multimers of ~700-750 kDa in the presence
of VEGF-A (Fig. 4.14A). There was no significant difference caused by the
addition of ATP to these experiments (Fig. 4.14A). Immunoblotting these species
using denaturing and reducing SDS-PAGE indicates that VEGF-A stabilises
VEGFR2, but ATP does not significantly affect VEGFR2 levels in this analysis
(Fig. 4.14B). These findings show that the purified VEGFR2 is likely monomeric
and undergoes dimerisation due to VEGF-A addition.
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Figure 4.14. Dimerisation of VEGFR2 by VEGF-A ligand. (A) Western blot of
purified VEGFR2 using native PAGE. Purified VEGFR2 (lane 1), VEGFR2/VEGF-
A (lane 2) and VEGFR2/VEGF-A/ATP (lane 3). VEGFR2 is monomeric (~250-350
kDa) but binding to VEGF-A promoted higher order complexes (~600-750 kDa).
(B) Western blot analysis of purified VEGFR2 complexes using reducing SDS-
PAGE gel (control). VEGFR2 is monomeric in all three lanes due to reduction and
denaturation. The blot was developed by probing with goat anti-VEGFR2
antibody.
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4.2.6. Negative stain electron microscopy (EM) of VEGFR2

We established that full-length purified VEGFR2 could undergo dimerization using
VEGF-A. The next step was structural analysis using electron microscopy (EM).
Firstly, negative stain EM was used which provides a way to study and analyze
the shape of the VEGFR2 complex and assess the heterogeneity of protein by
image classification. It also allows assembling of a low-resolution model with low

(micrograms) amounts of protein in the samples (Booth et al., 2011a).

4.2.6.1. ATP causes aggregation and form crystals in negative stain EM

Negative stain EM grids were made using uranyl acetate staining with purified
VEGFR2 solubilised in DDM and SMA. For initial screening and to determine the
guality of the receptor, grids were made with +/- VEGF and/or ATP. The objective
was to assemble the VEGFR2 complex in different active and inactive states. The
grids were screened with FEI F20 electron microscope, and micrographs were
acquired for analysis. Fig.4.15 shows EM data collected on purified VEGFR2;
purified VEGFR2 + 0.1 nM VEGF-A1es; VEGFR2 + 100 nM ATP; and VEGFR2 +
0.1 nM VEGF-A165 + 100 nM ATP solubilised in either DDM or SMA (Fig. 4.15 top
panel and lower panel respectively). VEGFR2 monomers and potentially inactive
dimers bound to VEGF-Aies respectively are shown (Fig. 4.15A, 4.15B, 4.15E and
4.15F). Even though both experiments showed monodisperse particle distribution
and less background noise, particle heterogeneity was still observed. However,
the experiments of interest were conditions of formation of an active VEGFR2
dimer complex with VEGF-A and ATP. Unfortunately, major clumps of
aggregations and crystals were observed in micrographs with ATP (Fig. 4.15C,
4.15D, 4.15G and 4.15H). The grids were made repeatedly with freshly purified
VEGFR2 with no improvement, protein aggregation and crystals were observed
consistently. After troubleshooting, it was concluded that the crystalline precipitate
was formed due to phosphate ions in ATP reacting with uranyl salts (Scarff et al.,
2018, Gallagher et al., 2019). This proved to be a major hindrance in analysing
the VEGFR2 dimer complex bound ATP and VEGF-A. Major optimisation studies
are required to address the uranyl phosphate crystalline precipitate before such

studies could provide meaningful structural information.
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Figure 4.15. Negative stain EM analysis of purified VEGFR2/VEGF/ATP.
Purified VEGFR2 fractions from SEC were used to generate negative
micrographs. (A-D) Analysis of DDM-based purified VEGFR2. (A) Purified
VEGFR2, (B) VEGFR2 plus 0.1 nM VEGF-A, (C) VEGFR2 plus 100 nM ATP, and
(D) VEGFR2 plus 0.1 nM VEGF-A and 100 nM ATP. Bottom Panel VEGR2
solubilized in SMA. (E-H) Analysis of SMA-based purified VEGFR2. (E) Purified
VEGFR2, (F) VEGFR2 plus 0.1 nM VEGF-A, (G) VEGFR2 plus 100 nM ATP, and
(H) VEGFR2 plus 0.1 nM VEGF-A and 100 nM ATP. Protein aggregation was
observed upon addition of ATP in both VEGFR2 preparations
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4.2.6.2. EM analysis of VEGFR2 and VEGFR2/VEGF/Sutent complex

As the negative stain analysis of VEGFR2/VEGF-A1ss/ATP complex were
unsuccessful and required further optimisation studies, an attempt was made to
assemble a VEGFR2 complex bound to VEGF-Aies at the extracellular domain
and in the presence of a small molecule tyrosine kinase inhibitor (Sutent) which
is an ATP mimetic and competitive inhibitor. This allows us to study the structural
mechanism of receptor in an ATP-inhibited state. The VEGFR2 solubilised in
DDM or SMA bound to FLAG M2 mAb resin was treated with VEGF-A1es and
Sutent to stabilize the complex before elution with FLAG peptide. A Western blot
of blue native PAGE was performed to confirm the dimerisation of VEGFR2 (Fig.
4.16A). Even though VEGFR2 recovery was very low compared to the previous
purification approach, the successful dimerisation of VEGFR2 solubilised in both
DDM and SMA (Fig. 4.16A) indicates that the membrane protein complex is
potentially suitable for EM analysis.

EM studies of purified VEGFR2 and VEGFR2/VEGF-Aiss/Sutent complex
solubilised in DDM and SMA respectively were performed by collecting
micrographs (Fig. 4.16B-E). VEGFR2 complex purified in DDM had multiple
contaminants and aggregates (Fig 4.16B and 4.16C). Therefore, it was not good
enough to further analysis, whereas the solubilisation in SMA had very fewer
contaminants and also showed a monodisperse distribution of particles (Fig.
4.16D and 4.16E). The purified VEGFR2 molecule exhibited a beads-on-a-string
appearance (Fig. 4.16D) and the VEGFR2 complex (VEGFR2/VEGF-A/Sutent)
showed larger dimers with distinct orientation (Fig. 4.16E). Therefore, these data

were further processed to generate 2-D class averages of the VEGFR2 complex.
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Figure 4.16. Negative stain EM analysis of purified VEGFR2/VEGF/Sutent.
(A) Native PAGE Western blots of VEGFR2 and VEGFR2/VEGF-A/Sutent
complexes in monomeric and dimeric states solubilised in DDM or SMA
respectively. Western blots were probed with goat anti-VEGFR2 antibody.
Negative stain EM analysis of (B) DDM-purified VEGFR2, (C) DDM-purified
VEGFR2 plus 0.1 nM VEGF-A and 50 uM Sutent (tyrosine kinase inhibitor), (D)
SMA-purified VEGFR2, and (E) SMA-purified VEGFR2 plus 0.1 nM VEGF-A and
50 uM Sutent (tyrosine kinase inhibitor). Scale bar indicate 100 nm.
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4.2.6.2.1. 2-D models of the VEGFR2 complex
As explained earlier, purified monomeric VEGFR2 showed beads-on-a-string like
appearance without any distinguishable features. Therefore, it is not viable to

generate class averages of VEGFR2 monomers (without VEGFA).

In order to access the oligomeric state of VEGFR2 complex (VEGFR2/VEGF-
A/Sutent), a total of 125 micrographs were collected. Using the RELION 3.0
software, 9,312 particles were picked to generate 60 class averages (Fig. 4.17A).
The class averages exhibited conformations of various sizes, and possibly include
both dimers and monomers. Fig. 4.17B shows 10 selected class averages
showing similar architecture. The overall dimensions of VEGFR2/VEGF-A/Sutent
were measured from class averages, the maximum average length measured
along the axis was 20-25 nm (length) with maximum thickness ~10 nm (width)
(Fig. 4.17C). This supports the heterogenous ECD particles of VEGFR2 observed
by Hofer and group, again confirming that the observed class averages were
mostly receptors (Stuttfeld and Ballmer-Hofer, 2009).

Furthermore, a graphic representation of the VEGFR2 complex showing three
different conformations was generated (Fig. 4.17C). The class projection showed
two receptor chains intertwined to form a dimer complex representing shape 8
with contacts at Ig domain 2, 5 and 7 (Fig. 4.17B, 4.17C). No distinct
conformational features were observed for the Ig-like domain 1 (shown as blue
strings). The VEGFR2 tyrosine kinase domain exhibited a small strand-like
appearance without any specific orientation indicating that no sutent is bound
within the kinase domain (Fig. 4.17C). These data indicate that VEGFR2

dimerisation occurs upon VEGF-A binding.



131

o

20-25nm 43
o

3

3

Figure 4.17. Negative stain EM-based 2-D classes of VEGFR2 complexes.
(A) SMA-based purified VEGFR2-VEGF-A-Sutent imaged at 50 000X
magnification. Class averages generated using RELION 3.0, 60 class averages
are shown. (B) Selected class averages showing different orientation of VEGFR2-
VEGF-A-Sutent complex. Scale bar, 25 nm. (C) Graphic representation three
distinct class averages. Except for extracellular IgG domain 1, all extracellular
domains (E2-E7) can be seen clearly with higher electron density distribution. The
VEGFR2 tyrosine kinase domain did not show any distinguishable conformation.
Length and thickness were measured at 20-25 nm and ~10 nm respectively.
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4.3. DISCUSSION

The HEK293 cell lines with inducible VEGFR expression generated in the
previous Chapter 3 were used for subsequent VEGFR purification. Solubilisation
studies were carried out initially using the non-ionic DDM detergent. Comparative
studies of VEGFR1 and VEGFR2 using DDM showed that VEGFR1 is more
susceptible to proteolytic degradation under these conditions. Both anti-VEGFR1
and anti-VEGFR2 antibodies used only recognize the extracellular domains in
each protein i.e. Sr27-H687 (VEGFR1) and A20-E764 (VEGFRZ2). Therefore, the
bands recognized on Western blots are likely to be proteolytic fragments derived
from full-length VEGFRs. The proteolytic cleavage of VEGFR1 was also observed
in cell culture, suggesting a widespread phenomenon. Other work has found that
VEGFR1 degradation, specifically domains D1-D3 occurs in both HEK293T and
CHOK1SV GS-KO cells. Interestingly, growing cells at 30°C combined with
protease cocktail inhibitor use improves VEGFRL1 stability and inhibits proteolysis
(Chakrabarti et al., 2016).

Compared to VEGFR1, VEGFR2 showed better stability and recovery during
purification. Therefore, further structural studies were aimed at purified VEGFR2.
Comparative studies were carried out on VEGFR2 solubilised in either DDM or
SMA and showed similar solubilisation profiles at higher concentrations.
Competitive elution is also affected by the high affinity of capture antibody binding
which results in low recovery. Such cases require low pH or high acid elution to
overcome the recovery issue, however, it can alter the activity and folding of the
protein which compromises the functional activity of the protein (Di Russo et al.,
2012). Therefore, such methods were not used here.

Mass spectrometry revealed VEGFR2 size at ~250 kDa and analysis has shown
that VEGFR2-derived tryptic peptides are derived from both the extracellular and
cytoplasmic domains. Even though the VEGFR2 peptide coverage was low, this
was conclusive and clear (Baldwin, 2004). The mass spectrometry experiments

confirmed that full-length VEGFR2 was present in the final purified fractions.
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One of the major drawbacks in VEGFR2 purification has been the presence of a
high amount of impurities in elutions. Obtaining highly pure protein is an important
foundation of EM analysis. First step purification using FLAG peptide elution has
produced VEGFR2 with low purity due to which a standard protein quantification
BCA technique was unreliable (Walker, 1994). Interestingly, the recovery of
VEGFR2 levels was very low using SMA extraction compared to DDM; however,
the SMA-based VEGFR2 purity shows the mostly homogenous distribution of
particles with different orientations (Ohi et al., 2004, Rames et al., 2014).

4.3.1. VEGFR2 is predominantly in the monomeric state after purification
Two major studies were carried out to verify the state of VEGFR2 in a detergent-
solubilised native-like environment. Firstly, SEC analysis showed the VEGFR2
present mainly in a relatively narrow elution peak. The most dominant
(concentrated) VEGFR2 peaks had an estimated molecular weight of 410.9 +68
and 301.55 + 53 kDa respectively. The size of the full-length monomeric VEGFR2
receptor is ~250 kDa (Fig. 4.3B) and each DDM micelle ranges from ~70-75 kDa
(Garavito and Ferguson-Miller, 2001). Therefore, the size range suggests that
purified VEGFR2 is monomeric. However, measurement of molecular weight (Mr)
of a protein using size exclusion chromatography has certain limitations. Firstly,
the shape of the protein significantly effects the size measurement. The ability of
the protein to diffuse through the beads is due to its effective hydrodynamic
radius. Asymmetric and elongated proteins have higher hydrodynamic radius
compared to the globular proteins. This may sometime result in significant
overestimation of molecular weight of a protein (Burgess, 2018). Therefore, a blue
native PAGE analysis of purified VEGFR2 will give more accurate measurement
of molecular weight. The blue native PAGE analysis of VEGFR2 solubilised in
either DDM detergent or SMA polymer showed that VEGFR2 exists
predominantly in the monomeric state. This study has also shown successful
dimerisation of VEGFR2 upon the addition of VEGF-Auies ligand. Therefore, based
on SEC and native PAGE we have confirmed the in vitro dimerisation of VEGFR2
by its VEGF-A ligand (Abhinand et al., 2016).
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4.3.2. Structural features of VEGFR2 bound to VEGF-A

Furthermore, to gain the structural information on VEGFR2, we've analyzed the
purified VEGFR2 solubilised in DDM and SMA using negative stain EM. Even
though single particle cryo-EM is far more superior to negative stain-EM, it is
extremely challenging to differentiate the broken-down contaminant products due
to high contrast for non-symmetric and unstable protein complexes using cryo-
EM. Thus, considering the amounts of contaminants and low yield of purified
VEGFR2, negative stain EM was used in this chapter. It offers numerous
advantages compared to cryo-EM such as less radiation damage to the proteins
from absorbed electrons upon longer exposure (Rames et al., 2014). However,
there are certain limitations. Uneven staining may produce artefacts which lead
to higher contrast than normal. Furthermore, as a part of staining process the
particle loose the hydration shall that may lead to distortion of its shape which is
crucial especially for membrane proteins (De Carlo and Harris, 2011). Therefore,
staining was performed carefully to obtain uniform staining without any artefacts.
The purified VEGFR2 analysis showed to have a beads-on-a-string-like
appearance randomly without any distinguishable conformation. This shows that
the receptors are clearly monomeric with no specific features, therefore class

averaging was not possible.

However, the main obstacle in this study was the aggregation of the receptor
complex after the addition of ATP. All attempts to stabilize a homogenous
complex of VEGFR2/VEGF-A/ATP for EM analysis was futile. No aggregation
was observed in the absence of ATP. Excess ATP prompts the formation of a fine
crystalline precipitate which masks the receptor on the grid, this is due to the
phosphate ions in ATP reacting to uranyl salts which form crystals as seen in Fig.
4.15C and Fig. 4.15D (Juillerat et al., 2019, Morrison et al., 2016). Different molar
concentrations of ATP were used, but the aggregates were persistent. This issue
can potentially be addressed by making a stable complex of VEGFR2/VEGF-
A/ATP before elution or using different ATP analogues (Suwal et al., 2012). Due
to time constraints, an alternative approach was used to stabilize a
VEGFR2/VEGF complex with a tyrosine kinase inhibitor (Sutent). Sutent
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competes with ATP and binds between the N and C lobes of the VEGFR2 tyrosine
kinase domain (Roskoski, 2007b). The class averages of VEGFR2/VEGF-
A/Sutent have shown complex as individual particles with two monomeric
receptors held together. At one end, the receptors were seen bridged together by
high-density VEGF-A ligand (Fig. 4.17B). However, the cytoplasmic tyrosine
kinase domain still doesn’t seem to have any distinct features in the EM analysis.

It was still unclear if the Sutent was bound in these structures.

The unbound state the VEGFR2 extracellular domain is highly flexible without any
3-D conformation. When associated with VEGF-A ligand, the extracellular Ig-like
domains are stabilised via homotypic interactions. 3-D model construction was
not possible due to limited views and sample size. Even though we’ve established
a physiologically relevant VEGFR2-VEGF complex, it is crucial to validate the
functional activity of the receptor, the functional studies were performed in the
next chapter. To conclude, the single-particle analysis of VEGFR2 using negative
stain EM has shown the preliminary structural characterization of the receptor,
mainly ligand-bound and unbound states. Further optimisation is necessary to
stabilize the complex with ATP or small molecular inhibitor bound in the kinase
domain of VEGFR2 before assessing the samples for cryo-EM analysis (Skiniotis
and Southworth, 2015).
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CHAPTER 5

Biochemical studies on native and purified VEGFR2
5.1. INTRODUCTION

In the previous Chapter 4, attempts were made to analyse the structure of purified
full-length recombinant VEGFR2 receptor. The main goal of the work in this
chapter is to characterise and compare VEGFR2 activity in native and purified
states. Native and recombinant membrane proteins contain numerous
differences, especially post-translational modifications such as glycosylation and
phosphorylation (Orlova et al., 2003). Protein glycosylation is an important post-
translational modification process that is crucial in maintaining the tertiary and
guaternary structures of a protein (Shental-Bechor and Levy, 2008, Xu and Ng,
2015). In RTKs, N-glycosylation plays a crucial role in ligand binding, stability and
RTK trafficking (Itkonen and Mills, 2015b). The VEGFR2 extracellular Ig-like

domains contain multiple N-glycosylation sites (Chandler et al., 2017).

Furthermore, many proteins have no enzymatic activity when expressed in a
recombinant protein expression system, as some proteins also tend to misfold
and lose their enzymatic activity after solubilisation and purification. Therefore,
validation of the VEGFR2 enzymatic activity is important. VEGFR2 expressed on
endothelial cells recognises growth factors such as VEGF-A and undergoes
phosphorylation at specific tyrosine residues in the cytoplasmic domain; such
modifications are linked to pro-angiogenic responses by endothelial cells
(Basagiannis et al., 2016). There are multiple isoforms of VEGF-A such as VEGF-
A121, VEGF-A145, VEGF-A148, VEGF-A162, VEGF-A165, VEGF-A165b, VEGF-Au1ss,
VEGF-A1s9 and VEGF-Azo6 that are known to bind VEGFR2 and promote cell
proliferation (Perrot-Applanat, 2012). However, VEGF-A1ss and VEGF-A121 are
the most common and most studied isoforms which are abundantly secreted by
most cells and tissues (Harris et al., 2012). The residues that undergo
phosphorylation in VEGFR2 are Y801, Y951, Y996, Y1054, Y1059, Y1175,
Y1214, Y1223, Y1305, Y1309 and Y1319 (Clegg and Mac Gabhann, 2015).

Firstly, the activated VEGFR2 is trafficked to endosomes followed by proteasome-
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dependent cleavage and then trafficked into lysosomes for degradation (Simons,
2012). Furthermore, in endothelial cells, the activated and phosphorylated
VEGFR2 undergoes ubiquitination and delivered to early endosomes, before
proteolysis in late endosomes and lysosomes (Ewan et al., 2006; Bruns et al.,
2010). Therefore, monitoring VEGFR2 proteolysis is also needed to ascertain the
properties of recombinant tagged VEGFR2.

5.2. RESULTS
5.2.1. VEGF-A isoforms differentially regulate phosphorylation of VEGFR2

VEGF-A binding to VEGFR2 causes dimerisation and phosphorylation of multiple
tyrosine residues in the cytoplasmic kinase domain (Fearnley et al., 2016). The
VEGFR2 phosphotyrosine epitope pY1175 is present in the cytoplasmic domain
and enables recruitment of both PLCy1-dependent and PKA-dependent signalling
pathways (Xie et al., 2019). To check for this, firstly, a time-dependent activation
and phosphorylation of VEGFR2 were performed in primary endothelial cells
(HUVECs). Two different VEGF-A isoforms of VEGF-A were used, and
endothelial cells stimulated with 1 nM VEGF-A1es or VEGF-A121 for different time
points (0, 5, 10 or 20 min) and analysed by Western blotting, total VEGFR2 and
actin were used as loading controls (Fig. 5.1A). Quantification of relative
VEGFR2-pY1175 levels showed little or no phosphorylation at 0 min time point
as expected, with peak phosphorylation at 5 min for with VEGF-A1ss (Fig. 5.1B).
The VEGFR2-pY1175 levels declined rapidly to <25% of peak levels after 20 min
(Fig. 5.1B). For VEGF-A121, VEGFR2-pY1175 levels were rapid and maximal after
5 min; however, the levels persisted for much longer with ~75% of signal still
detected after 20 min (Fig. 5.1B).

A similar study was performed on recombinant FLAG-VEGFR2 expressed in
HEK?293 cells. The cells were induced for 36 h to overexpress the VEGFR2 and
then stimulated with 1 nM VEGF-Aies or VEGF-A121 (Fig. 5.2A). After VEGF-A

stimulation for 0, 5, 10 or 20 min, cells were analysed by Western blotting probed
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Figure 5.1. VEGF-A isoform-specific stimulation of VEGFR2-pY1175 levels
in endothelial cells. (A) Human umbilical vein endothelial cells (HUVECs) were
starved for 30 min in low serum media and then subjected to stimulation with 1
NnM VEGF-Aies or VEGF-A121 for 0, 5, 10 or 20 min, lysed and analysed by
Western blot for the phosphotyrosine pY1175 levels by probing with rabbit anti-
pY11l75 antibody. (B) Quantification of VEGFR2-pY1175 relative levels upon
VEGF-Ai165 or VEGF-A121 stimulation. Error bars indicate +SEM (n=3). p< 0.01
(**), p< 0.001 (***), p< 0.0001 (****)
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Figure 5.2. VEGF-A isoform-specific stimulation of recombinant FLAG-
VEGFR2-pY1175 levels in HEK293 cells. (A) HEK293 cells expressing FLAG-
VEGFR2 were induced with tetracycline (1 ug/ml) for 36 h, and then subjected to
stimulation with 1 nM VEGF-A1ess or VEGF-A121 for 0, 5, 10 or 20 min, lysed and
analysed by Western blot for the phosphotyrosine VEGFR2-pY1175 levels by
probing with rabbit anti-pY1175 antibody. (B) Quantification of VEGFR2-pY1175
relative levels upon VEGF-Aiss or VEGF-A121 stimulation. Error bars indicate

+SEM (n23). p< 0.0001 (***+).
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with rabbit anti-VEGFR2-pY1175 (Fig. 5.2A). Non-transfected HEK293 cells and
transfected but non-induced cells were used as a negative control, with total
VEGFR2 and actin used as loading controls (Fig. 5.2A). Quantification of relative
VEGFR2-pY1175 levels showed that maximal phosphorylation occurred after 5
min for both VEGF-A isoforms (Fig. 5.2B). Upon stimulation with VEGF-Aies
isoform, VEGFR2-pY1175 levels declined gradually from 5 to 20 min period (Fig.
5.2B), whereas for the VEGF-Ai21 isoform, VEGFR2-PY1175 levels declined
more rapidly with a ~70% decline after 20 min. This was different to that observed

in endothelial cells.

5.2.2. VEGF-A isoforms program differential recombinant VEGFR2
degradation and proteolysis

In endothelial cells, VEGF-A binding to VEGFR2 promotes proteolysis and
terminal degradation via the endosome-lysosome system (Ewan et al., 2006,
Bruns et al.,, 2010). Isoforms of VEGF-A exhibit differential endocytosis and
degradation of VEGFR2 (Fearnley et al., 2016). To investigate whether
recombinant FLAG-VEGFR2 expressed in HEK293 cells also exhibits a similar
degradation profile, the cells were subjected to tetracycline induction for 36 h to
overexpress VEGFR2 and treated with different concentrations (0.1, 1 or 10 nM)
of VEGF-Aues for 0, 5, 15, 30 or 60 mins before microscopy analysis (Fig. 5.3).
Cells were fixed and stained with an anti-VEGFR2 antibody to detect total
VEGFR2 after stimulation with VEGF-A isoform (Fig. 5.3A). Induced cells
expressing VEGFR2 but non-treated with VEGF-A were used as negative
controls (Fig. 5.3). The quantification revealed a ~30-40 % reduction in basal
VEGFR?2 levels over 60 min with all three concentrations of VEGF-Aaies used (0.1,
1 and 10 nM) (Fig. 5.3B). Cells expressing FLAG-VEGFR?2 treated with VEGF-
Azi21 isoform (0.1, 1 or 10 nM) also showed a similar profile of proteolysis (Fig.
5.4). Relative VEGFR2 quantification showed loss of VEGFR2 with a reduction of
~40 % upon treatment with 10 nM VEGF-A121 after 60 min, and ~30 % reduction
with 1 nM at 60 min (Fig. 5.4B). Furthermore, 0.1 nM VEGF-A121 caused only ~10
% reduction in total VEGFR2 over the same time (Fig. 5.4B). Thus, the

exogenously added VEGF-A isoforms have exhibited different effects on
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Figure 5.3. VEGF-A1ss modulation of VEGFR2 proteolysis. (A) HEK293 cells
expressing FLAG-VEGFR2 were induced with tetracycline (1 mg/ml) for 36 h,
treated with different VEGF-A1es concentrations (0.1, 1 or 10 nM) for 0, 5, 15, 30
or 60 min and then fixed with parafromaldehyde before permeabilisation and
staining with goat anti-VEGFR?2 followed by secondary anti-goat AF488 conjugate
(green), nuclei stained with DAPI (blue). Scale bar, 200 um. (B) Quantification of
relative VEGFR2 levels upon treatment with VEGF-Azes. Error bars indicate =SEM
(n23). p< 0.1 (*), p< 0.01 (**).
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Figure 5.4. VEGF-A121 modulation of VEGFR2 proteolysis. (A) HEK293 cells
expressing FLAG-VEGFR2 were induced with tetracycline (1 mg/ml) for 36 h,
treated with different VEGF-A121 concentrations (0.1, 1 or 10 nM) for 0, 5, 15, 30
or 60 min and then fixed with paraformaldehyde before permeabilisation and
staining with goat anti-VEGFR2 followed by secondary anti-goat AF488 conjugate
(green), nuclei stained with DAPI (blue). Scale bar, 200 um. (B) Quantification of
relative VEGFR2 levels upon treatment with VEGF-A121. Error bars indicate +SEM
(n=3). p< 0.1 (*), p< 0.01 (**).
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VEGFR2 associated with the endocytic pathway, especially at lower
concentrations of VEGF-A1es (0.1 nM and 1 nM) higher degradation of VEGFR2
was observed compared to the same concentration of VEGF-A121. This supports
the degradation profile of VEGFR2 in endothelial cells upon stimulation with
VEGF-A isoforms (Fearnley et al., 2016).

5.2.3. Purified VEGFR2 is N-glycosylated

The VEGFR2 extracellular domain is known to undergo N-glycosylation which
plays a role in regulating ligand-dependent activation and signalling (Chandler et
al., 2017). Therefore, it is essential to verify if the recombinant FLAG-VEGFR?2 is
N-glycosylated. To test this, the purified FLAG-VEGFR2 was analysed and
subjected to deglycosylation with PNGase F enzyme which removes N-linked
oligosaccharides (Fig. 5.5). PNGase-F is an amidase that cleaves the high
mannose oligosaccharides attached to asparagine residues (Szigeti et al., 2016).
Purified VEGFR2 deglycosylated with PNGase F was compared to untreated
VEGFR2 as a negative control (con) (Fig. 5.5). In addition, VEGFR2 treated with
PNGase F before and after denaturation and treatment with a reducing agent
(DTT) (Fig. 5.5). Non-treated VEGFR2 (con) showed two bands at 250 and 200
kDa, whereas deglycosylated VEGFR2 under denaturing and non-denaturing
conditions showed a band at ~160 kDa (Fig. 5.5). This increase in electrophoretic
mobility with an apparent band change from ~250 to ~160 kDa upon treatment
with PNGase F is due to the removal of N-linked oligosaccharides (Fig. 5.5). This
confirms that FLAG-VEGFR2 undergoes N-glycosylation when expressed in
HEK?293 cells.
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Figure 5.5. Purified VEGFR2 is N-glycosylated. Western blot of puridfied full-
length VEGFR2 solubilised in DDM detergent, VEGFR2 was subjected to N-
linked deglycosylation using PNGase F to cleave N-linked oligosaccharides. The
blot was probed with goat anti-VEGFR2 antibody. Lanes represent protein marker
(M), denatured VEGFR2 negative control (Con) without PNGase F, protein
denatured before deglycosylation (D), and denatured after deglycosylation (ND).
Non-treated VEGFR2 (con) showed two bands at 250 and 200 kDa, whereas
deglycosylated VEGFR2 under both denaturing and non-denaturing conditions
shows a band at ~160 kDa.
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5.2.4. In vitro activation of purified VEGFR2
5.2.4.1. Activation of VEGFR2 by ATP and VEGF-A1es isoform

The tyrosine kinase of recombinant FLAG-VEGFR2 in HEK293 cells has been
already validated (Fig. 5.2). However, the activity of purified recombinant
VEGFR2 was still unknown. To test the tyrosine kinase activity of purified
VEGFR2, an in vitro phosphorylation assay was performed. The purified VEGFR2
was treated with different concentrations of ATP and VEGF-Aws. The
concentration of ATP in most eukaryote cells ranges from 1-10 mM (Zimmerman
etal., 2011). Therefore, ATP titration was performed with 0, 1, 2, 5, 10, 100, 1000,
or 5000 uM ATP in the presence of 0.1 nM, 1 nM or 10 nM VEGF-A1es. The
purified VEGFR2 treated with ATP and VEGF-A1ss was analysed using Western
blotting using rabbit anti-VEGFR2-pY1175 as a measure of VEGFR2 activation
and phosphorylation (Fig. 5.6A). ATP alone without VEGF-A1es was used as a
negative control and total purified VEGFR2 was used as a loading control (Fig.
5.6A). Interestingly, purified FLAG-VEGFR2 was activated at >100 uM ATP
alone, and also with three concentrations of VEGF-Aies. Trace amounts of
VEGFR2-pY1175 was detected at lower ATP concentration and in the presence
of VEGF-A (Fig. 5. 6B).

The ECso (half-maximal response) of ATP was measured by plotting non-linear
regression of ATP vs normalised response for all conditions (Fig. 5.6C). The ECso
of ATP alone is 70.05 puM, whereas the addition of 0.1, 1 or 10 uM of VEGF-A1ss
increased the ECso of ATP fractionally to 84.22, 89.81 and 124.4 respectively.
The addition of VEGF-A1es delayed VEGFR2 phosphorylation (based on ECso).
This suggests that ligand-bound VEGFR2 requires a higher concentration of ATP
for activation, especially with an increase in VEGF-A1ss5 concentration.

5.2.4.2. ATP stimulates phosphorylation of VEGFR2 tyrosine residues
without VEGF-A

In vitro phosphorylation of VEGFR2-pY1175 suggests that ATP alone can cause
such effects. To understand this further, the in vitro phosphorylation of different

VEGFR2 phosphotyrosine epitopes was analysed (Fig. 5.7). The assay was
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Figure 5.6. VEGF-A1ss and ATP-dependent phosphorylation of Y1175 on
recombinant VEGFR2. (A) Full-length VEGFR2 purified by DDM solubilisation
subjected to stimulation with ATP and VEGF-Aies, processed for immunoblot
analysis to assess relative levels of VEGFR2-pY1175. Purified VEGFR2 was
used as a loading control. The western blot was developed by probing with rabbit
anti-pY1175 antibody, (B) Quantification of relative VEGFR2-pY1175 levels upon
treatment with ATP and VEGF-Auies. (C) ECso measurement for ATP with different
concentrations of VEGF-Auises.
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Figure 5.7. VEGF-A independent activation and VEGFR2 phosphrylation. (A)
Full-length  VEGFR2 purified in DDM detergent is subjected to different
concentrations of ATP and processed for immunoblot analysis to assess the
phosphorylation of four phosphotyrosine epitopes defined by PY20 (generic
phosphotyrosine probe), pY951, pY1175 and pY1214 epitopes. Purified VEGFR2
was used as loading control. (B) Quantification of relative VEGFR2-pY levels
upon treatment with ATP.
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performed with ATP alone to test if multiple residues are phosphorylated by ATP
without VEGF-Aiss. The purified VEGFR2 was treated with gradient log
concentrations of ATP (1, 10, 100, 1000, 5000 uM) for 30 min and analysed using
Western blot (Fig. 5.7A). Multiple VEGFR2 phosphorylation sites were analysed:
these included the pY951, pY1175 and pY1214 epitopes in the VEGFR2
cytoplasmic domain (Fearnley et al., 2016). The pY951 epitope is located in the
tyrosine kinase domain, whereas pY1175 and pY1214 are located in the C-
terminal flexible tail region (Dayanir et al.,, 2001). Alternatively, generic
phosphotyrosine antibody (PY20) that recognises all phosphotyrosine residues
was used as a probe (Tinti et al., 2012). Total VEGFR2 was used as a loading
control (Fig. 5.7A). Phosphorylation was detected in all tyrosine residues caused
by an increase in ATP concentration, and quantification revealed higher VEGFR2
phosphorylation of pY951 and pY1175 compared to pY1214 residues (Fig. 5.7B).

5.3. DISCUSSION

In this study, we showed that VEGF-A isoforms differentially promote ligand-
dependent FLAG-VEGFR2 phosphorylation when expressed in HEK293 cells. In
endothelial cells, the appearance of the VEGFR2-pY1175 epitope triggers
multiple downstream signalling pathways such as ERK1/2, p38 and Akt (Olsson
et al., 2006, Cross et al., 2003, Trinh et al., 2009). Studies show that VEGF-A1ss
stimulation promotes higher cell proliferation mediated by pY1175 via ERK1/2 and
p38 pathways when compared to VEGF-A121 (Soker et al., 1997). However, unlike
endothelial cells, recombinant FLAG-VEGFR2 in HEK293 cells showed higher
VEGFR2-pY1175 levels with VEGF-A121 compared to VEGF-Aies isoform (Fig.
5.2). This suggests that VEGF-A121 potentially promotes more potent cellular
responses than VEGF-Aies in our recombinant expression system. Furthermore,
there are studies that show that most VEGF-A isoforms bind to VEGFR2
extracellular domain with similar binding affinity but have unique properties in
VEGFR2 endocytosis, ubiquitination and degradation (Fearnley et al., 2014). In
endothelial cells, elevation in VEGFR2 endocytosis is observed upon stimulation

with VEGF-A1ss compared to VEGF-Ai21  which showed negligible effects
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(Fearnley et al., 2016). Similarly, our findings reveal that stimulation of VEGFR2
using VEGF-Asses led to a higher degradation of VEGFR2 over time compared to
VEGF-121 which showed degradation only at higher concentrations. We know that
the degradation of VEGFR2 is linked to its ubiquitination and internalisation into
the endosome-lysosome pathway (Smith et al., 2017). Therefore, our findings
show that the recombinant VEGFR2 expressed in HEK293 cells exhibit similar

trafficking and degradation profile of native VEGFR2 in endothelial cells.

Secretory protein N-glycosylation is a post-translational process that occurs in the
ER and Golgi (Itkonen and Mills, 2015a). VEGFR2 is known to have 18 N-
glycosylation sites in the extracellular domain which play a significant role in
protein dimerisation (Chandler et al., 2016). Treatment of endothelial cells with a
glucose analogue that interferes with N-glycosylation prevents endothelial cell
proliferation and formation of capillaries (Kovacs et al., 2016). Therefore, the N-
glycosylation of VEGFR2 is regarded as crucial for its activity. Treatment of
VEGFR2 with PNGase F removes N-linked glycans from recombinant FLAG-
VEGFR2. Thus, recombinant FLAG-VEGFR2 is likely to be functionally

glycosylated and active.

VEGF-A ligand binding is known to bring together two monomeric receptors and
promote dimerisation. The VEGFR dimerisation leads to orientation change in the
tyrosine kinase domain that allows the RTKs to phosphorylate each other, the
process is known as “transautophosphorylation” (Smith et al., 2016, Koch and
Claesson-Welsh, 2012). Therefore, VEGFR dimerisation is essential for activation
and tyrosine phosphorylation. Our studies revealed that VEGFR2 doesn’t always
exist in the monomeric state as previously thought (Shibuya, 2011b). Cellular
studies show that the activation of VEGFR2 is regulated by VEGF-A ligand, as
expected (Fig. 5.8A). However, a supplying monomeric VEGFR2 with ATP
initiates the “transautophosphorylation” of multiple tyrosine residues in the
cytoplasmic domain (Fig. 5.8B). Therefore, our in vitro assay revealed four
potential VEGFR2 species: (1) monomers, (2) VEGF-A unbound dimer with
contacts in cytoplasmic domain, (3) VEGF-A unbound dimer with contacts in

extracellular domain and cytoplasmic domains, and (4) VEGF-A-bound dimer with
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Figure 5.8. Schematic representation of VEGFR2 activation states. (A)
VEGF-A binding to VEGFR?2 activates the kinase domain and causes cytoplasmic
phosphorylation on tyrosine residues, therefore VEGF-A dependent activation as
demonstrated by cell based studies, (B) Purified VEGFR2 monomers, activated
by ATP in the presence or absence of VEGF-A, gives rise to differentially
activated VEGFR2 species (based on in vitro activation studies).
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homotypic contacts in both extracellular domain and cytoplasmic domains (Fig.
5.8B).

Our studies have also shown that VEGFR2 only requires ~70-125 uM ATP for
activation of the tyrosine kinase enzyme. Cells contain much higher cytoplasmic
ATP concentrations (1-10 mM) than required for activation of VEGFR2 enzyme
(Leist et al., 1997). This raises an obvious question: why doesn’t cellular VEGFR2
undergo phosphorylation in the absence of VEGF-A ligand? We believe that the
concentration of VEGFR2 and its distribution on the plasma membrane plays a
crucial role in dimerisation and activation. VEGFR2 requires close proximity
contacts for allosteric regulation, especially for VEGF-A independent activation. If
the membrane receptors are in close proximity, they come in contact with each
other which leads to a conformational change and easily allows access to ATP.
Therefore, overexpression or overcrowding of the receptor by upregulation
increases the ligand-independent phosphorylation levels of VEGFR2 (King and
Hristova, 2019). Thus, the purified FLAG-VEGFR2 derived from overexpression
in HEK293 cells dimerises and gets activated with greater efficiency due to the
close proximity of membrane receptors. This also explains relatively higher basal
phosphorylation levels in HEK293 cells compared to endothelial cells (Fearnley
et al., 2016).
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CHAPTER 6

Biochemical and structural analysis of LOX-1
scavenger receptor and OxLDL particles

6.1. INTRODUCTION

Atherosclerosis is a progressive phenomenon that is associated with numerous
vascular disease states. The interaction between LOX-1 scavenger receptor on
macrophages, endothelial cells, platelets and smooth muscle cells with OxLDL,
and its subsequent recognition and internalisation is linked to the pathology of
atherosclerosis (Figure 1.9) (Pirillo et al., 2013a). Even though the structure of
LOX-1 was resolved to 1.4 A resolution (Park et al., 2005), limited information on
the structure of the OxLDL particle is a major barrier in further improving our
understanding of atherosclerosis. The study of interactions between LOX-1 and
OxLDL is needed to better understand atherosclerosis and to target such

processes in therapeutic strategies.

Most of the LOX-1/OxLDL interaction studies have used in vivo animal models or
in vitro cultured cells (Akhmedov et al., 2014, Al-Banna and Lehmann, 2013,
Hofmann et al., 2017, Hu et al., 2008). Numerous studies have shown the
recognition of OXLDL by LOX-1 and subsequent internalization into vascular and
non-vascular cells. However, there is a very limited number of studies that explain
the molecular basis for such recognition. The exact epitope on OxLDL recognised
by LOX-1 is still unclear. Moreover, as the LOX-1 extracellular domain possesses
a CTLD domain it is likely that carbohydrate and calcium ions are involved in such
interactions (Park et al., 2005), but this remains to be proven. The CTLD of LOX-
1 has arare CTLD fold (Ohki et al., 2005), which may preclude calcium ion and/or
carbohydrate recognition. There are two hypotheses on LOX-1 binding to OxLDL.
The first hypothesis suggests that CTLD of LOX-1 binds covalently to
phospholipid moiety of elevated lysine side chains of modified ApoB-100 protein
(Park et al., 2005). Alternatively, an acidic patch on LOX-1 particularly involving
K171, E170, K167, and E166 facilitates the direct binding to zwitterionic
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phospholipid headgroups on the surface of the OxLDL particle (Park et al., 2005).
The crystal structure of LOX-1 shows a hydrophobic tunnel that runs through the
entire LOX-1 molecule and is crucially involved in recognition and binding to
OxLDL (Francone et al., 2009).

On the other hand, ApoB-100 is presumed to be a predominant binding region for
LOX-1 on lipoprotein. The ApoB-100 polypeptide contains 4536 residues and is
identified to have a pentapartiate structure NH2-Bai-B1-02-B2-a3-COOH. However,
its morphology is still unclear. Two groups have investigated the structural
morphology of ApoB-100 protein using small-angle neutron scattering (Johs et
al., 2006) and negative stain electron microscopy (Gantz et al., 2000). They used
lipid-free non-native ApoB-100 which impedes its physiological relevance
compared to ApoB-100 associated with the lipid. The widely accepted opinion is
that ApoB-100 wraps around the LDL particle in an elongated form (Yang et al.,
1994a, Murtola et al., 2011). Numerous groups have attempted to resolve the
structure of native LDL using X-ray crystallography. Prassl| and colleagues were
the first to crystallize the native LDL and observed diffraction spots at 29 A (Prassl
et al., 1996). Later, Ritter group was able to make crystals that diffracted at 15 A
(Ritter et al., 1999). Newhouse and colleagues succeeded in making two crystals
that diffracted lower than 8 A but decayed very rapidly, and the diffraction is
currently limited to 9 A (Newhouse et al., 2005). Afterward, no attempt was made
by other groups for crystallizing the LDL. Three groups have tried to resolve the
structure of LDL using a single-particle cryo-electron microscopy approach
(Orlova et al., 1999b, Ren et al., 2010b, Kumar et al., 2011). Orlova et.al was the
first to determine a structural model of LDL at 30 A resolution using cryo-EM
(Orlova et al., 1999b). Their 3-D model didn’t detect any symmetry in lipid core or
ApoB-100 on the surface. Ren et al. (2010a) al resolved a structure of LDL bound
to the LDL receptor (160 kDa glycoprotein) at 28 A. They’ve observed juxtaposed
stacking of cholesteryl esters in core and higher density outer shell which
represent the ApoB-100 protein (Ren et al., 2010b). Later, the resolution of this
particle was improved to 16 A (Kumar et al., 2011). All the studies carried out by

different groups so-far on ApoB-100 and LDL are focused only to address the
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structural aspects of “native LDL”. There were no reported structural studies on
OxLDL and modified ApoB-100 of OxLDL. We know that the nLDL is not directly
involved in atherosclerotic plague formation, whereas it's modified form i.e OxLDL
is directly involved. The cell-based studies have already shown that the OXLDL is
recognized and internalized by LOX-1 on cells. Therefore, understanding the
binding molecular mechanism of OXLDL/LOX-1 has huge therapeutic potential.

Moreover, we know from the literature that free reactive oxygen species (ROS)
particles produced in the endothelial cells as well as transition metals like Cu?*
initiate and promote the oxidation of LDL in vivo (Esterbauer et al., 1992). Unlike
nLDL, the OxLDL is not initially present in the blood, it is accumulated deeply in
the thickened intima of human coronary artery and found in the sub-endothelium
foam cells (atherosclerotic plaque). Therefore, it is not possible to isolate the in
vivo OXLDL from the arterial walls in the quantities enough to perform biochemical
studies (Fukuchi et al., 2002). However, nLDL is present in blood plasma in
abundant quantities which is possible to isolate and perform in vitro oxidation by
chemical basis. Oxidation can be carried out using different approaches, i.e
oxidation using transitional metal ions such as iron and copper (Lopes-Virella et
al., 2000, Yuan et al., 1996), oxidation with enzymes such as lipoxygenase and
myeloperoxidase (Funk and Cyrus, 2001, Otero et al., 2002) or oxidation from
glucose with glycation (Otero et al., 2002). In this chapter copper-based oxidation

of LDL was performed for biochemical studies with LOX-1 scavenger receptor.

Furthermore, the precise size of LDL measured using various methods has
always been inconsistent, the average size measured using NMR being smaller
compared to gradient gel electrophoresis (Witte et al., 2004). Characterising the
sizes of macromolecules under native conditions has always been challenging.
Conventionally, the size and shape of macromolecules are estimated either by
measuring the diffusion coefficient using techniques such as NMR, dynamic light
scattering (DLS) and fluorescence correlation spectroscopy (FCS) (Patil et al.,
2017) or by measuring the sedimentation coefficient using analytical
ultracentrifugation method (Cole et al., 2008, Chaturvedi et al., 2018). These

techniqgues work effectively with monodisperse and homogenous mixtures,
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evaluation of properties of polydisperse lipid particles such as lipoproteins is quite
challenging. To overcome this issue, a fundamentally different approach known
as microfluidic diffusion sizing (MDS) can be used to acquire the diffusion
coefficient profiles of specific species directly in the solution (Arosio et al., 2016).
The MDS is designed to determine the size from hydrodynamic radius of globular
proteins using the laminar flow. This approach uses a quantitative latent labelling
of proteins for size profiling using a fluorogenic dye under denaturing conditions
in microfluidic channel (Fig. 2.1A). Therefore, this allows the characterisation of
lipoproteins distribution in their native environment (Yates et al., 2015). The main
focus of this chapter is to use the purified LOX-1 extracellular domain i.e.
comprising the CTLD and neck domain and study interactions with OXLDL. The
aim was to reconcile a biochemical study of the sLOX-1-OLDL complex with
structural representation of the OLDL particle using cryoEM. Such work would
provide the basis for better understanding how OxXLDL structure can be reconciled

with recognition by a specific receptor such as LOX-1.

6.2. RESULTS

6.2.1. Construction of pET15b-LOX-1 plasmid, expression, and purification
of His-tagged sLOX-1 protein

One objective was to use the pET15b-sLOX-1 bacterial expression plasmid to
express and purify soluble LOX-1 protein. Fig. 6.1A shows the schematic map of
the pET15b-sLOX-1 construct previously constructed and cloned by Dr. Jane
Murphy (University of Leeds) which was readily available. The construct hasa T7
lac promoter and an ampicillin resistance selection marker. The LOX-1
extracellular domain (sLOX-1) containing residues (68-273) has a hexabhistidine
tag at N-terminus followed by a thrombin protease cleavage site and TEV
protease site fused to sLOX-1 truncated cDNA or open reading frame, ORF (Fig.
6.1B). The thrombin and TEV protease sites were introduced to remove
polyhistidine tag respectively from sLOX-1 if necessary (Raran-Kurussi et al.,
2017). The pET15b-sLOX-1 plasmid was transformed into Rosetta-gami and
BL21-codon plus E.coli strains: both strains utilise codon usage typically found in

mammalian proteins such as LOX-1 (Fathi-Roudsari et al., 2016, Li et al., 2019).
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The transformed cells were induced with 0.1 mM IPTG for 6 h before lysis and
purification using previously established procedures (see Materials and Methods;
Vohra et al., 2007). sLOX-1 was purified using Ni-NTA agarose, eluted using 250
mM imidazole and visualized on SDS-PAGE gel under reducing conditions. Fig.
6.2A shows the SDS-PAGE gel stained with Coomassie blue stain: LOX-1
monomer (~26 kDa) bands were seen in both Rosetta-gami and BL21-codon plus
expression systems, whereas the expression levels in BL21-codon plus were
relatively low. The purified sLOX-1 probed with sheep anti-LOX-1 by
immunoblotting showed two bands of ~26 kDa and ~52 kDa (Fig. 6.2B),

suggesting the presence of monomers and dimers of sSLOX-1.

To check for the amount of sSLOX-1 contained in inclusion bodies a solubilization
study was performed by lysing the cells in a non-denaturing buffer (S1) and
denaturing buffer (S2) (Fig. 6.2C). The majority of sLOX-1 was observed in
inclusion bodies like many recombinant proteins, as expected. The purification of
sLOX-1 was carried out under denaturing conditions; therefore, dialysis was
performed to remove the denaturing buffer and allow the protein to refold.
However, the removal of guanidine HCI caused the purified sSLOX-1 to precipitate
from the solution. This may be due to the formation of incorrect disulphide bonds
and folding of sLOX-1 (Kosuri et al., 2012). To address this issue and properly
refold the sLOX-1, DTT was used to reduce the disulphide bonds and then this
was removed using dialysis. To further reduce the denaturant concentration, the
purified sLOX-1 was diluted using a refolding buffer containing oxidised and
reduced glutathione to facilitate the formation of correct disulphide bonds, using
0.5 M L-arginine to inhibit the aggregation of unfolded proteins (Tischer et al.,
2010, Thomson et al., 2012). The buffer also contained low levels of divalent
cations such as Ca?*, Mg?*, Cu?*, Zn?*, Fe?*, Mn?*, Co?" to facilitate the refolding
of C-type lectin-like domain (Zelensky and Gready, 2006). Most of the sLOX-1
was refolded without forming precipitated aggregates, and this sLOX-1 protein

was used for subsequent studies.
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Figure 6.1. Schematic of sSLOX-1 expression strategy. (A) Schematic map of
pPET-15b-LOX-1 recombinant plasmid containing the extracellular domain cDNA
of LOX-1 (residues 68-273) cloned between Ndel and BamHI restriction sites. (B)
The sLOX-1 fusion protein contains a hexahistidine tag, a thrombin protease
cleavage site, a TEV protease site followed by the sLOX-1 ORF sequence.
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Figure 6.2. Bacterial expression and purification of sLOX-1 extracellular
domain (sLOX-1-ECD). (A) E.coli strains Rosetta-gami(DE3)pLysS and BL21-
CodonPlus(DE3)-RP were transformed pET-15b-LOX-1 plasmid were induced
with IPTG and sLOX-1 purified as described in Materials and Methods. (B)
Purified sLOX-1 was analysed by 12% SDS-PAGE and immunoblotting using
sheep anti-LOX-1 primary antibody and mouse anti-goat IgG secondary antibody.
(C) Rosetta-gami E.coli cells expressing sLOX-1 were induced with IPTG for 6
hours at 37° C, lysed in non-denaturing buffer and centrifuged at 10,000 g for 15
min, supernatant (S1) contain soluble protein and contain pellet (P1) contain
insoluble LOX-1 in inclusion bodies, P1 was solubilized and centrifuged at
100,000 g to create supernatant (S2) containing sLOX-1 and pellet (P2). sLOX-1
was bound to Ni-NTA resin, and eluted (E) using Imidazole buffer. Samples were
analysed by 12 % SDS-PAGE and visualized using Coomassie blue staining.
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6.2.2. Purification, analysis, and oxidation of low-density lipoprotein
particles

As explained earlier, circulating blood contains various lipid particles such as
high-density lipoprotein (HDL), intermediate-density lipoprotein (IDL), low-density
lipoprotein (LDL) and very-low-density lipoprotein (VLDL). The LOX-1 scavenger
receptor recognizes the modified low-density lipoprotein known as oxidised low-
density lipoprotein (OxLDL). To study the interactions between the LOX-1 and
OxLDL, firstly, LDL was isolated and chemically modified into OXxLDL. Plasma
from human blood was subjected to high-speed ultracentrifugation using iodixanol
gradient to separate the various lipoproteins based on their densities (Fig. 6.3A)
(Graham et al., 1996). Self-generating iodixanol gradients allows separation of
lipoprotein profiles into single fraction within very short centrifugation time of 3 h
as opposed to conventional high salt-based sodium or potassium bromide
gradients which require centrifugation for 78 h (Chung et al., 1980, Chapman et
al., 1981) and high salt concentrations are also known to interfere or modify with
the structure of lipoprotein particles (Kovanen and Kokkonen, 1991). Fig. 6.3A
also shows the major human lipoprotein fractions of VLDL/Triglycerides, IDL,
LDL, HDL, and other plasma proteins after a one-stop iodixanol gradient
centrifugation. The LDL isolated from plasma was chemically oxidised using
copper sulphate (CuSOa4) which produces an OxLDL. Copper sulphate dissolves
into cupric ion (Cu?*), there are different methods to oxidise LDL using other

transition metals such as iron (Vlaminck et al., 2014, Smith et al., 1992).

Purified nLDL and OxLDL were analysed using agarose electrophoresis, nLDL
(lane 1) and OxLDL (lane 2 & 3) were run on 0.5% (w/v) agarose gel and stained
with an azo based Sudan Black dye that recognizes the triglycerides and lipids.
(Fig. 6.3B). Oxidation leads to changes in protein components by aldehyde
products thereby recognize the scavenger receptors and also create the net
negative charge which is essential for its interaction with the receptors. The
increase in net negative charge of modified LDL led to faster migration of lipids in
comparison to native LDL as seen in Fig. 6.3B. Thus, the oxidation of LDL was

confirmed.
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Figure 6.3. Purification and oxidation of low-density lipoprotein particles.
(A) Schematic of isolation of native low-density lipoprotein (nLDL) from human
plasma using ultracentrifugation and separation on iodixanol gradient; nLDL was
then oxidised using 5 uM copper sulphate (CuSOQOa) for 24 h at 37° C. Native LDL
(nLDL) was used as control, incubated with 100 uM EDTA and 20 uM BHT at
room temperature to stop the oxidation. (B) Lipid particles (4 pg) analysed by 0.5
% (w/v) agarose gel electrophoresis and Sudan Black staining. Native LDL (lane
1), OXLDL (lanes 2 and 3).
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6.2.3. In vitro interaction studies on OxLDL and sLOX-1

It was essential to determine if OXLDL is recognised by the purified and refolded
sLOX-1 protein. Previous studies suggested the LOX-1 only binds to OxLDL in
the presence of millimolar calcium (Murphy et al., 2008). Therefore, 125 ug
purified sLOX-1 was incubated with unmodified native LDL or OxLDL in the
presence of 2 mM calcium chloride containing BHT anti-oxidant at 37°C
physiological temperature for 1 hour and run through a size exclusion
chromatography (SEC) column containing Sephacryl S-100 resin. SEC was
performed to separate the protein-lipid complexes based on their size: the large
protein complexes elute faster than the smaller complexes. The molecular weight
of both native LDL and OxLDL ranges between ~1.5-4 MDa (Fisher et al., 1975a)
with the ApoB-100 protein component itself constituting 550 kDa (Johs et al.,
2006). However, the purified sSLOX-1 monomer is ~26 kDa and dimer is ~52 kDa
(Fig. 6.1C and 6.1D). Theoretically, the LDL and OxLDL particles elute faster
through the column in comparison to the relatively small sSLOX-1 polypeptide. This
allows separation of free OxLDL, OxLDL/sLOX-1 complex, and free unbound
sLOX-1.

The chromatograph nLDL with sSLOX-1 showed three distinct peaks (Fig. 6.4A).
Fig. 6.4B shows the monitoring of the OxLDL/sLOX-1 complex by SEC, which
showed a similar elution profile as nLDL/sLOX-1 with three peaks. The
chromatograph of control OXLDL alone also showed similar peaks (Fig. 6.4C). On
the other hand, sLOX-1 alone showed a different elution profile with only two
peaks (Fig. 6.4D) but no high molecular weight elution peak. The first peak of all
three chromatographs containing lipoproteins (Fig. 6.4A, 6.4B and 6.4C) were
fractions eluted closer to the void volume (35 mL CV). The elution fractions were
collected and run on SDS-PAGE gel under reducing conditions and stained with
Coomassie or probed by immunoblotting using primary sheep anti-LOX-1

antibody followed by secondary anti-goat HRP conjugate (Fig 6.4).

Figure 6.5A show nLDL/sLOX-1 SEC elution fractions (F1-F10) run on SDS-
PAGE gel and stained with Coomassie blue: fractions F2 and F3 showed a band
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at ~150 kDa and another band >250 kDa, indicating the presence of ApoB-100
particle presence (Suto et al., 2013), a very faint band is can also be seen at ~100
kDa. No protein was detected in other fractions (F1, F4-F10), all fractions were
transferred onto a western blot and probed with primary sheep anti-LOX-1
antibody and secondary anti-goat HRP, LOX-1 was not detected including
fractions F2 and F3, indicating LOX-1 was not bound to LDL or ApoB-100 protein
component of the LDL. 125 pg of OxLDL only was run through the SEC column
as a negative control and the SEC fractions F1, F2 and F3 (Fig. 6.5B)
representing the first peak (Fig. 6.4C) showed a band of ApoB-100 at much higher
species of >250 kDa. Interestingly, no protein was detected in later fractions (F4-
F10) representing the second peak. Furthermore, the first peak fractions (F1-F3)
of OXLDL/sLOX-1 (Fig. 6.4B) stained with Coomassie blue showed numerous
bands at sizes >250, 150, 100, 75 and ~25 kDa. Whereas, the second and third
peak fractions (F5-F10) didn’t show any protein bands (Fig. 6.5C, upper panel).

The top three protein bands >250, 150, 100 kDa in the first peak of
OXLDL/sLOX-1 were also detected in nLDL/sLOX-1; the additional bands at ~52
and ~26 kDa potentially represents the sLOX-1 protein. To verify the presence of
sLOX-1 protein in the fractions, an immunoblot was performed using the primary
sheep anti-LOX-1 antibody. Interestingly, multiple immunoreactive LOX-1-related
bands were detected in the same fractions F1, F2 and F3 indicating existence of
SLOX-1 multimers (Fig. 6.5C, lower panel). The sLOX-1 was thus evident as 4
bands of 26, 52, ~100, and >250 kDa molecular mass by reducing SDS-PAGE
and immunoblot analysis. This indicated that the sLOX-1 monomer (26 kDa),
dimer (52 kDa), tetramer (~100 kDa) and a possibly a higher multimer (>250 kDa).
The analysis of the second and third peaks didn’t detect any free unbound sLOX-
1. Furthermore, the SEC fractions of sLOX-1 alone (Fig. 6.4D) when analysed by
immunoblotting also did not reveal sLOX-1. One possibility is due to the dilution
of sLOX-1 due to high column volume (35 ml), causing an inability of our anti-

LOX-1 antibody to detect very dilute amounts of sSLOX-1 in these samples.
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Figure 6.4. Size fractionation of lipid particle-sLOX-1 complexes. 125 ug of
NLDL/sSLOX-1, OXLDL/sLOX-1, OxLDL alone or sLOX-1 alone were incubated at
37°C for 1 h and analysed using a Sephacryl S-100 size exclusion
chromatography column. (A) Analysis of nLDL/sLOX-1 complex. (B) Analysis of
OXxLDL/sLOX-1 complex. Analysis of (C) OxLDL alone, or (D) sLOX-1 alone.
Arrows indicate positions of sSLOX-1 and lipid particles where appropriate. See
Figure 6.5 for LOX-1 immunoblot analysis.
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Figure 6.5. Analysis of protein content in size fractionation of lipid particle-
sLOX-1 complexes. Fractions collected by size fractionation (see previously in
Figure 6.3) were subjected to Coomassie blue staining or immunoblotting. (A)
Fractions (F) of nLDL/SLOX-1 analysed by SDS-PAGE and Coomassie blue
staining. Box in fractions F2 & F3 indicates ApoB-100 (lipid particle) presence.
(B) OXLDL (-ve control) only fractions (F1, F2 and F3) show Apo-B100 presence,
but as a high molecular weight species (>250 kDa). (C) Analysis of OXLDL/sSLOX-
1, fractions using SDS-PAGE and Coomassie staining (upper panel) showed both
ApoB-100 (550 kDa) and sLOX-1 (25 kDa). Immunoblotting of these fractions
using sheep anti-LOX-1 antibody indicated the presence of LOX-1 multimers
indicated by 25 kDa, 50 kDa and 100 kDa immunoreactive bands.
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6.2.4. Measurement of the molecular mass of lipid particles using
microfluidic diffusion sizing (MDS) technique

Numerous studies have reported the average size of lipoproteins such as LDL,
VLDL, HDL and chylomicrons using dynamic light scattering method (DLS)
(Sakurai et al., 2010, O'Neal et al., 1998, Ruf and Gould, 1999). Using DLS,
various subclasses of lipoprotein particles were investigated, however, no studies
were performed to estimate the size of OXLDL. It was presumed that the size of
OxLDL to be the same as nLDL (Chen and Khismatullin, 2015). In this study, a
microfluidic diffusional sizing (MDS) method was used to estimate the size of
OxLDL and nLDL. A microfluidic two-dimensional approach offers various
advantages over conventional DLS technique as mentioned in materials and
methods. This method uses two-dimensional microfluidic diffusion profiles based
on Brownian motion of particles which are localized in a well-defined space over
the same length on various time scales (Arosio et al., 2016). Using two streams
of auxillary fluid the diffused and undiffused profiles were established for nLDL
(Figure 6.6B), OxLDL (Figure 6.6C), and OxLDL/SLOX-1 complex (Figure 6.6D)
20 mM HEPES buffer was used as a control (Fig. 6.6A) (n=2).

Similar to DLS, the diffusion coefficient was used to measure the hydrodynamic

radius (Rn) using the Stokes-Einstein equation (Tyn and Gusek, 1990)

Hydrodynamic radius (Rn) = kT/611nD
k = Boltzmann’s constant
T = temperature
n = Solvent viscosity

D = diffusion coefficient

Table 6.1 shows the list of the average hydrodynamic radius (Rn) and
hydrodynamic diameter of nLDL, OXLDL and OxLDL/sLOX-1 complex. The Rn
was estimated using MDS, whereas, the relative molecular weights and the

hydrodynamic diameter were measured using the Rn.

The diffusion coefficient rate of proteins varies based on their size and shape.

The standard diffusion coefficient rates, relative Rn and molecular weight of the



166

B -
Control (20mM Hepes nLDL  “Uibie: id3mm
ge!
25 "‘uo... LAY v diffused
LTI 4 3 *  undiffused
Suay e eTtanny, 104 - \
201 “veeaguy L LT I}
5 EL [ \
8 s & \
= C 64
h= o \
w w
e 10 =g
8 S| i \
05 24 3 \
o diffused \‘.-
004 - *  undiffused '] =
M 0 40 500 80 700 800 200 300 400 S0 600 700 800
Time (s) Time (s)
cuqcl!igesl : 104 pg/mL D concDigest : 340 pg/mL
OxLDL  sieDigest :136mm OXLDL/sLOX-1 sizeDigest :694nm
‘_\\\ +  diffused 00 - *  diffused
. o <\ +  undiffused 175 , + undiffused |
A \ }
. \ 150 H
—3 =
El ; 125
s | \ s
- § 100
S 2 \ @
7] = 15
= l \ £ { \ :
a ) {
1 14 \ # |
\ 25 f/ \\
L
. e
0 = 00
00 W0 40 50 60 700 810 150 200 250 300 350 400 450
Time (s) Time (s)

Figure 6.6. Diffusion profiles of lipoprotein particles and complexes using
microfluidic diffusion technique. Graphs showing the traces of lipoproteins in
microfluidic channel separated into diffused and undiffused split streams of (A)
20 mM Hepes buffer (control) (B) nLDL (C) OxLDL, and (D) OxLDL/sLOX-1
complex. Diffusion analysis is based on Brownian movement and the amine
reactive dye used to label proteins and their fluorescence was measured to
estimate the average hydrodynamic radius (Rh) using the Fluidity-1 system (see
Materials and Methods).
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Table 6.1. Estimation of lipoprotein particle and complex sizes using microfluidic
diffusion technique (Fig. 2.1). The hydrodynamic radius of the lipoproteins was
estimated using Stokes-Einstein equation.

Protein Hydrodynamic Hydrodynamic

radius in nm diameter in nm

nLDL 10.8+0.3 21.6+0.6

OxLDL 13.48 + 0.12 26.96 £0.24

OxLDL/sLOX-1 7.19+0.26 14.38 £0.52
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multiple broad range globular proteins and viruses (1.24 kDa - 5000 kDa) were
generated by Tyn.et.al (Tyn and Gusek, 1990). Based on the existing molecular
weight (kDa) and hydrodynamic radius values of folded globular proteins a
calibration curve can be plotted to estimate the molecular weight of lipoproteins.

A molecular weight converter (https://www.fluidic.com/support/fag/convert-

hydrodynamic-radius-to-mw/) which works on the above principle was used to

estimate the molecular weight of lipoproteins. Interestingly, the estimated
hydrodynamic radius (Rn) of OXLDL (13.48 + 0.12 nm) was higher than the nLDL
(10.8 £ 0.3 nm). This confirms that oxidation leads to the change in the overall
size of a lipoprotein. As expected, the significant decrease in the Rn value of
OXLDL/sLOX-1 (7.19 £ 0.26 nm) complex is due to the limitation of the microfluidic
diffusion sizing technique. Even though the average value of Rnis dominated
significantly by larger species it also takes into account smaller free unbound
sLOX-1 which conventionally brings the average value down significantly.

6.2.5. Cryo-electron microscopy (cryo-EM) analysis of OxLDL

To analyze the structure of OxLDL we've used cryo-EM technique. OxLDL was
prepared as mentioned in materials and methods, purified OxLDL was dialyzed
in Tris buffer. Img/ml OxLDL was used to make microscope specimens on
Quantifoil holey carbon 400 mesh grids. The samples were plunge frozen using
vitrobot (FEI) and 1431 micrographs were collected for 72 h using Titan Krios
(FEI) equipped with Gatan K2 direct detection camera. Fig. 6.7A shows a mesh
of quantifoil carbon grid with OxLDL particle distribution, Fig. 6.7B shows the
micrograph of OxXLDL particles embedded in vitrified ice taken at 50 000x
magnification. The scale bar represents 50 nm and each lipid particle can be seen
on average ~25 nm (250 A) in diameter. The individual particles varied in size, as
highlighted in red solid and dotted circles (Fig. 6.7B). Furthermore, the electron
micrographs showed monodisperse particle distribution (Fig. 6.7B, black arrow
heads), and homogenous samples with a clear background without much noise
and particle movement in ice. These data indicated that this sample should be

appropriate for further structural analysis.


https://www.fluidic.com/support/faq/convert-hydrodynamic-radius-to-mw/
https://www.fluidic.com/support/faq/convert-hydrodynamic-radius-to-mw/
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6.2.5.1. EM class averages of OxLDL

From 1431 micrographs that were generated, 31,782 particles were manually
picked using RELION 3.0 software to create 2-D class averages of the OxLDL
particle. Fig. 6.7C shows 24 different class averages (labelled 1-24) generated by
aligning all the particles using RELION 3.0. Two distinct classes were observed:
the features observed in both raw micrographs and 2-D class averages were
similar to class averages of LDL generated previously (Orlova et al., 1999a). The
class averages showed two distinct appearances, most are round with no pattern,
whereas, 8 classes (5, 6, 9, 14, 16, 17, 18 and 24) showed long striations
appearance with different density distribution (Fig. 6.7C). This data suggests that
they represent two different views of OxLDL, the round non-striations potentially
represent the top or bottom view. 8 classes with striations represent the side views
(Fig. 6.7D). The overall shape likely looks like an ellipsoidal particle. Similar to
LDL, and the average length and height of OXLDL was also measured from 2-D
classes (Fig. 6.6C & 6.6D). The OxLDL length and height dimensions measured
were 150-160 A and 210-240 A respectively. Similar to nLDL, OxLDL also seems
to have five striations in its lipid core and the number of striations remained the
same in all eight 2-D class averages that were observed. The five higher density
striations may act as internal walls and to separate the lower density
compartments. This suggests that the OXLDL in its core has a consistent pattern
of various higher density and lower density lipid distribution separately in
compartments. Fig. 6.7D shows the cartoon representation of class averages
generated in two different views. Firstly, a side view showing five higher density
striations that formed four lower density compartments and a 90° rotation

representing the top view which was oval.
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Figure 6.7. Analysis of purified OxLDL particles using cryo-electron
microscopy. OxLDL was loaded onto electron microscopy grids and frozen
before cryo-electron microscopy analysis (see Materials and Methods). (A)
Quantifoil carbon grid mesh with OXLDL particles in vitrified ice. Mesh diameter,
2 um. (B) OxLDL particles embedded in ice viewed at 50 000X magnification.
Scale bar, 50 nm. Black arrow heads indicate electron density distribution across
the surface of individual OXLDL particles. Each particle corresponds to ~250 A
(25 nm) diameter. (C) 2-D class averages of OxLDL profiles represented by 24
selected class averages generated (from 31,782 particles) using RELION 3.0
software. (D) Schematic representation of two views of OxLDL. Most of the 2-D
averages which are large and round in appearance are possibly a a top view.
Images 5, 6, 9, 14, 16, 17, 18 and 24 are non-circular and show three striations
in the OxLDL core, probably indicating a side view showing regions of high and
low fatty acyl chain density within the lipid particle.
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6.2.5.2. 3-D reconstruction of a model of the OxLDL particle

All 24 2-D classes generated were clear without any background noise, consistent
in size and represented different views of OXLDL. Therefore, no subset classes
were selected to remove outliers. Using all 24 2-D classes, 30,688 particles were
extracted from micrographs which were processed further to generate a 3-D
model of OxLDL. Using the RELION 3.0 Stochastic Gradient Descent (SGD)
algorithm, a 3-D de novo model based on the 2-D classes was generated (Fig.
6.8). C1 symmetry was used to align the 2-D classes, C1 consists of all the
rotations about a fixed point by multiples of angle 360. Fig. 6.8 shows the 3-D
model reconstruction of the OxLDL particle. The top panel of Fig. 6.8 shows 3-D
electron density distribution of OXLDL from three different views, i.e. top view (Fig.
6.8A), bottom view (Fig. 6.8B), and side view (Fig. 6.8C). Surprisingly, and unlike
nLDL, the overall shape is not a perfect ellipsoid. Upon close observation of the
top right corner (Fig. 6.8C), a protrusion of higher electron density likely
corresponding to a protein domain was detected. To further investigate the
protrusion and interior core, multiple 3-D classes were generated which show the
cross-sections of OXLDL and internal core density distribution from the side view.
Fig. 6.8D shows the cross-section and the internal wall of OxLDL, Fig. 6.7E and
6.7F panels show the higher density internal striations and outer shell surface, a
significantly higher density protrusion was also detected on the outer shell

surface.
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Figure 6.8. 3-D model representation of OLDL particles. Presentation of 3-D
de novo model of OXLDL generated from 2-D classes using RELION 3.0 software.
C1 symmetry was maintained to align the 2D classes. Top panel depicts different
surface views in orange with (A) top view, (B) bottom view, and (C) side view. (D)
Lower panel shows the cross section of side view. (E) Cross-section view of
internal core arrangement with increase in density distribution of OXLDL. (F) Side
view cross section shows a small protrusion of higher density on outer surface
(black box).
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6.2.5.3. Nanogold labeling of sSLOX-1/OxLDL complex

After generating a 3-D model of OxLDL, an attempt was made to map the binding
epitopes of OXLDL for the sLOX-1 protein. The cryo-EM conventionally doesn’t
detect the proteins that are lower than 200 kDa, and the size of monomeric sSLOX-
1 is only 26 kDa. We know that LOX-1 it binds to OxLDL as a dimer (52 kDa) or
through potential multimers. Theoretically, it quite challenging to identify the small
extracellular domain of LOX-1 dimer when bound to the surface of OxLDL due to
its size being below the detection limit for cryo-EM analysis (Merk et al., 2016,
Renaud et al., 2018). In order to map the number of LOX-1 binding sites on
OxLDL and tackle the size limitation, a different approach of nanogold labeling
was used. The Ni-NTA (nickel (I1) nitrilotriacetic acid) nanogold particles can be
visualized as dark electron-dense spots on micrographs and they have a very
high affinity towards His-tag (Hainfeld et al., 1999). The purified sLOX-1 has a
hexahistidine-tag at the N-terminus to which 5 nm Ni-NTA-nanogold particles can
be directly linked and visualized under the microscope, therefore the surface
localisation of sSLOX-1 on OXLDL can be probed.

The schematic of interaction between the His-tagged protein and Ni-NTA

nanogold (adapted from http://www.nanoprobes.com/MMOSNTAGold.html) is

shown in Fig. 6.9A) Each 5 nm gold particle is associated with multiple Ni-NTA
functionalities, each Ni?* binds to one NTA and two histidines from a recombinant
hexahis-tagged protein; tight binding is achieved when three adjacent Ni-NTA
bind to one hexahis-tag. Therefore, purified sLOX-1 with a hexahis-tag was
incubated with >10-fold molar excess of 5 nm Ni-NTA nanogold for 30 min at room
temperature and then the mixture was added to OxLDL. The complex was then
incubated for 1 h at room temperature and run through the SEC containing
Sephacryl S-100 column remove unbound nanogold particles. Fig. 6.9B and 6.9C
show the chromatographs of OXLDL/Ni-NTA nanogold (control) and
OxLDL/sLOX-1/Ni-NTA nanogold respectively. Both chromatographs showed a
similar elution profile of OxLDL/sLOX-1 (Fig. 6.4B). Therefore, the elutions
representing the first peak should contain sLOX-1 bound to OXLDL with
potentially 5 nm Ni-NTA gold bound to sLOX-1. Cryo-grids were made with


http://www.nanoprobes.com/MM05NTAGold.html
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Figure 6.9. Nanogold labelling of sLOX-1/OxLDL complex. (A) Schematic
representation of interaction between Hiss-tagged protein and Ni-NTA-nanogold
probe to detect hexahis-tagged proteins such as sLOX-1. (B) Size exclusion
chromatography of OxLDL particles incubated with Ni-NTA probe with 5 nm
diameter nanogold (negative control), and; (C) OXLDL/sLOX-1/Ni-NTA probe with
5 nm diameter nanogold complex. (D, E) Micrographs of fraction 2 (F2) collected
from SEC of OXLDL/Ni-NTA nanogold and OxLDL/sLOX-1/Ni-NTA nanogold
complexes respectively (magnification, 50 000X). Scale bar, 50 nm. (F)
OXLDL/sLOX-1/Ni-NTA gold complex without size exclusion analysis
(magnification, 50 000X). Gold particles (black arrow) can be seen but not directly
bound to OXLDL/sLOX-1 complex. Scale bar, 50 nm.
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fractions eluted from the first peak and micrographs were collected using Titan
Krios to detect the complex (Fig. 6.9D & 6.9E). The micrograph showed
monodisperse, uniform distribution of OXLDL. As expected, no gold particles were
observed in the negative control (Fig. 6.9D). Unfortunately, no electron-dense
gold particles were not detected in purified OXLDL/SLOX-1/Ni-NTA complexes
(Fig. 6.9E). This suggests that Ni-NTA nanogold particles were not bound to
sLOX-1 protein. Furthermore, cryo grids were made with OXLDL/SLOX-1/N-NTA
nano gold complex before performing the SEC (Fig. 6.9F). OxLDL and nanogold
particles indicated with black arrowheads are clearly visible however, gold particle
localisation was not observed around the OXLDL profiles. In these experiments,

the nanogold particles were not bound directly to OXLDL/sLOX-1 complex.

6.3. DISCUSSION

The main aims of this study were

e To generate and purify recombinant human extracellular domain LOX-1 for
estimating the binding epitopes and number of LOX-1 receptors involved
in binding to OXLDL.

e To establish a standard protocol to generate OxLDL that recognizes and
binds to recombinant purified sLOX-1 invitro.

e To identify if LOX-1 binds to both ApoB100 and lipids or ApoB-100 alone.

e To generate a structure of OxLDL using cryo-EM and compare the

structural features with native LDL.

Firstly, a bacterial SLOX-1 expression system was generated. Although milligram
guantities of SLOX-1 protein were expressed, it was present in insoluble inclusion
bodies. This is a common problem whilst expressing recombinant proteins in
bacteria (Singh et al., 2015). sLOX-1 was successfully purified using Ni-NTA
agarose and refolded after solubilizing the receptor in denaturant and reducing
the incorrectly formed disulphide bonds. The LOX-1 contains one interchain and
three intrachain disulphide bonds (Ohki et al., 2005). Attempt to refold the sLOX-

1 were successful.
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Although, the oxidation of lipoprotein is straightforward, monitoring the oxidation
is crucial. The oxidation of LDL can be generally categorized into two types,
minimally oxidized LDL (mOxLDL) and extensively oxidized LDL, the extent of
oxidation of LDL mainly affects their ability to bind to LOX-1 scavenger receptor
and internalization by phagocytic cells. (Lougheed and Steinbrecher, 1996). The
minimally modified OxLDL is an early form of progression into extensively
oxidized LDL, and it doesn’t bind to the LOX-1 scavenger receptor but still retains
the ability of nLDL to bind to LDL receptor (Boullier et al., 2006, Han and Pak,
1999).

Even though there are various methods to perform in vitro oxidation of LDL as
previously described in introduction, in this chapter only copper-based oxidation
was performed and the oxidation was verified using agarose gel electrophoresis.
However, the extent of oxidation and the ability of OxLDL to recognize and bind
to sLOX-1 was still unclear. This raises an obvious question: How is copper based
in vitro oxidation of LDL relevant to the physiological process of oxidation? This
relates to whether what happens during oxidation by free Cu (Il) bears any relation
to what happens in the body. Evidence suggest that reactive OH radicals that
modify phenylalanine to o-tyrosine or m-tyrosine. Reduction to Cu(l), ironically by
endogenous Vitamin E, drives decomposition of lipid hydroperoxides to fatty acid
chain radicals (particularly if fatty acid is polyunsaturated) at the ApoB-100/lipid
interface (Upston et al., 2002). These can modify other lipids or proteins (e.g. lysyl
side-chains), a factor in binding other types of scavenger receptor (Biondi et al.,
2001). To address if chemically oxidised LDL bear any resemblance to
physiological LDL In vitro binding of refolded recombinant sLOX-1 to OxLDL was
performed in the presence of divalent calcium ions, and SEC analysis showed
that the OxLDL was able to form a stable complex with sSLOX-1. Therefore, the
recognition and binding of sSLOX-1 to the LDL oxidized by copper as evidenced in
this chapter support the idea of physiological process. The oxidation leads to
modification of protein/lipid interface (ApoB-100/fatty acid) that in turn promote

the recognition of OXLDL by LOX-1 scavenger receptor.
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Using a radiolabelling approach, Goldstein, Brown, and colleagues determined
that LDLR binds to LDL in 1:1 molar stoichiometry (Van Driel et al., 1989). Later
experiments showed that LDLR specifically binds to the ApoB-100 moiety of
LDL(Shireman et al., 1977, Lagor and Millar, 2010). The same approach can be
tried for recognition of LOX-1 binding sites on OxLDL but this approach of
solubilisation and delipidation of ApoB-100 of OxLDL compromises the
modifications on ApoB-100 and also it doesn’t address the question of sLOX-1
acid-base patch binding hypotheses which suggest that the charged and
electrostatically neutral surface of sLOX-1 binding to zwitterionic polar head
groups on the surface of OxLDL.

To address both these questions, a cryo-EM based approach of nanogold specific
labelling was used. However, the attempt was unsuccessful and the nanogold
particles identified on the cryo micrographs were not associated with
OXLDL/sLOX-1 complex. The potential reason of Ni-NTA nanogold not being
bound to the N-terminal hexahis-tag of sSLOX-1 could be due to the hexahis-tag
being buried by the dimers/multimers, or tag being inaccessible due to misfolding
of the protein (Debeljak et al., 2006). Due to time constraints, it was not possible
to perform extensive troubleshooting studies of His-tag accessibility and binding
to nanogold. Further optimization of misfolding of sSLOX-1 or by inserting a small
flexible linker sequence can potentially limit the burying of the His-tag and give

access for gold particles to bind to the tag (Chen et al., 2013).

6.3.1. Oxidation of LDL leads to potential structural rearrangement of ApoB-
100 protein on the particle surface

The molecular mass of LDL was estimated to be 1.5-4 MDa (Fisher et al., 1975b).
Campos and colleagues first measured the size of LDL particles approximately
range from 22-27.5 nm in diameter (Campos et al., 1992). Scheffer and
colleagues measured the size of native LDL using HPLC (Scheffer et al., 1997).
Later, the same group measured the size of LDL from whole plasma by high-
performance gel filtration chromatography using a fluorescent lipid probe

(Scheffer et al., 1998). We know that LDL particles have a heterogeneous
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population with respect to size, composition, and density. Therefore, variation in
size and the molecular weight is observed.

The sizes of lipoproteins are usually measured using electrophoresis and
chromatography techniques. We know that the molar mass of LDL ranges from
1.5-4 MDa, and size from 22-27.5 nm in diameter respectively containing
somewhere between ~3,000-6,000 lipid particles (Kaitosaari et al., 2006, Segrest
et al., 2001). The huge variation in mass and size are due to lipoproteins being
highly heterogeneous, with different composition and density of lipids. Unlike
proteins, the lipoproteins with equal molecular weight (Mr) can potentially exhibit
different sizes. Inversely, lipoproteins with the same size can also show difference
in molecular weight based on packaging of lipids i.e densely packed lipids and
loosely packed lipids, therefore, the molecular weight and size cannot be
determined by elution alone using SEC (Hong et al., 2012, Osei et al., 2015,
German et al., 2006). Considering that SEC mainly separates the molecules
based on hydrodynamic radius but not Mr. Furthermore, mass spectrometry
analysis of LDL and OxLDL allows the identification of changes in fatty acyl chain
such as addition of any functional groups and their location on the fatty acyl chain
(Rosario et al., 2008).

Both the lipoproteins were made by fractionation of blood from a single donor,
with OxLDL being generated from purified LDL. The average hydrodynamic
radius (Rn) measured using microfluidic diffusion has shown a change in the
overall size (diameter) of lipoproteins. Surprisingly, the estimated average size of
OxLDL (26.96 + 0.24 nm) was larger than nLDL (21 + 0.6 nm) (Table. 6.1). The
measurement of average nLDL size was consistent with 20.3 + 1.1 measured by
Sakurai et.al using standard DLS technique (Sakurai et al.,, 2010). It was
concluded that the proposed MDS can be used to differentiate the lipoprotein
particle sizes and the oxidation of LDL leads to rearrangement of overall
lipoprotein structure (German et al., 2006). In order to correlate the change in lipid
particles due to oxidation, the change in the structural features were further

investigated using cryo-EM for visualisation.
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An attempt to resolve a high-resolution structure using single-particle cryo-EM is
not a feasible approach for lipids due to heterogeneous lipid distribution (Zhang
et al.,, 2011, Murray et al., 2016). However, a low-resolution structure of OxLDL
would provide valuable information in identifying the difference in overall structural
features of OxLDL when compared to native LDL. The 3-D structural model of
native LDL exhibits an ellipsoid appearance (Fig. 6.10A), upon binding to the LDL
receptor a small protrusion on the outer shell surface was detected (Fig. 6.10B)
(Ren et al., 2010a). It was well-established that LDLR only binds to ApoB-100
protein of LDL but not the lipid components (Sakamoto and Rosenberg, 2011).
There are two known binding sites for LDLR on ApoB-100 (residues 3147-3157
& 3359-3367) (Olsson et al., 1997). The bulge on the side of nLDL was the density
distribution of LDLR bound to the LDL in 1:1 stoichiometry. Therefore, it has been
proposed that the site of an ApoB-100 binding domain on LDL is located on one
side of the lipoprotein particle (Ren et al., 2010a). Interestingly, the 3-D model of
OxLDL we have generated in this study was more spheroidal, but not complete
ellipsoid like native LDL. Also, a protein-based electron-dense protrusion was
observed at a similar position on the outer shell surface without any bound LOX-
1 receptor (sLOX-1) (Fig. 6.10C). This suggests that the bulge on the outer shell
of OxLDL could be the LDLR ligand-binding domain of ApoB-100 protein.
Therefore, we propose that the oxidation of native LDL leads to structural
rearrangement of ApoB-100 and open the inaccessible domains which are
possibly recognized by LOX-1 receptor. By analysing the nLDL/LDLr and OxLDL
3-D structures, it is crucial to note that the ApoB-100 binding region can potentially
be the same for LOX-1 on OXLDL.

Furthermore, the 3D model of OxLDL generated was compared to native LDL by
superimposing both the structures using the UCSF Chimera program (Fig. 6.11).
Interestingly, the higher density regions were seen enlarged out from the surface
of OxLDL which are not distinguishable by inspecting OXLDL alone. We know that
the ApoB-100 exists in an elongated form and wraps around the LDL particle
(Yang et al., 1994b). Presumably, the higher density projections observed on

OxLDL are ApoB-100 protein unraveled from its native state (nLDL) due to the
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Figure 6.10. Comparison of 3-D models of native LDL and OxLDL particles.
Side view of three dimensional density map of (A) native LDL (green) (EM
ID:5239), (B) native LDL bound to LDL receptor (yellow) (EM ID:5158), the
electron density distribution of LDL receptor can be seen as small protrusion on
the side (indicated in black box), and (C) Three-dimensional reconstruction of
OXLDL (orange mesh), with the internal core compartments and outer surface
viewed separately. A higher density protrusion on the side can be observed in the
absence of receptor (sLOX-1).
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Figure 6.11. Lipid particle oxidation causes structural re-arrangement. 3-D
model of nLDL (blue) (EMID:5239) is superimposed with OxLDL structure (light
orange) using UCSF chimera software. Four orthogonal views are presented (A)
front view, (B) back view, (C) top view, and (D) bottom view. Oxidation of LDL
particle potentially re-distributes the apoB-100 protein density on the lipid particle
surface. The density distribution of apoB-100 (brown) can be seen wrapped
around the outer surface of lipoprotein (blue).
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oxidation. It also explains the overall increase in the hydrodynamic radius of LDL
upon oxidation. This study has also identified that the internal structural features
of LDL don’t change upon oxidation, but the overall size of lipoprotein decreased
in size possibly due to increase in tighter packing of phospholipids due to

oxidation.
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CHAPTER 7
GENERAL DISCUSSION

The studies presented in this thesis provided novel insights into the structural and
biochemical aspects of the VEGFR2 activation mechanism. In addition, the
studies on OxLDL and sLOX-1 have provided a new insight into lipid particle
structure and mechanism of recognition. This chapter will provide an overview of
our findings with respect to the current understanding within the field, future work

to be done, and conclusions.

7.1. Overview of VEGFR studies

Despite the important role of VEGFRs in animal health and disease biology, we
have limited information on the structure and mechanism of activation. Our study
was aimed to resolve the mechanism of VEGFR2-VEGF-A activation using

electron microscopy (EM) combined with biochemical and cellular approaches.

7.1.1. VEGFR2 forms homodimers and undergoes ligand-independent
activation

A widely accepted mechanism for RTK activation is that cell surface VEGFR2
exists as monomers which dimerise upon VEGF-A leading to conformational
changes in both extracellular and cytoplasmic domains; this further leads to
tyrosine kinase activation and subsequent phosphorylation of specific tyrosine
epitopes in the cytoplasmic domain (Fig. 6) (Shibuya, 2011b). However, recent
studies using thermodynamics-based techniques has revealed that the VEGFR2
exists as both monomers and dimers, and VEGF-A is not absolutely required for
activation (Brozzo et al., 2012, King and Hristova, 2019). The studies presented
here support this idea that VEGFR2 can be activated and tyrosine phosphorylated
in the absence of VEGF-A ligand. This was demonstrated using an in vitro assay
using purified full-length VEGFR2 and titration of ATP. Interestingly, VEGFR2
undergoes constitutive phosphorylation at relatively low levels of ATP (sub-
millimolar) which is at least 10-fold lower than predicted cytoplasmic 1-5 mM ATP

concentrations. Cell-based studies also suggest basal tyrosine phosphorylation
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of recombinant VEGFR2 in the absence of exogenous VEGF-A ligand. One
possibility is that such basal activation and tyrosine phosphorylation is caused by
allosteric regulation with VEGFR2 moving between auto-inhibited and activated
states depending on the local concentration of membrane receptor (King and
Hristova, 2019).

By combining our EM, biochemical and cell biological data, we propose a
mechanism for VEGFR2 activation (Fig. 7.1). VEGFR2 on the cell surface exist
as both monomers and pre-assembled dimers. Approximately 10-50% of the cell
surface VEGFR2 pool exists as a pre-assembled dimer which is actively
phosphorylated in the absence of ligand. There are other studies that show
phosphorylation of endothelial RTKs in the absence of ligand (Warren et al., 2014,
Peach et al.,, 2018). that the pre-assembled homodimers must undergo a
conformational switch to transition from a kinase inactive state to a kinase active
state before specific tyrosine residues become phosphorylated in the active site.
We can predict the likely existence of VEGFR2 in two types of pre-assembled
homodimers: (1) homodimers exhibiting protein-protein contacts in both the
extracellular and cytoplasmic domains, and (2) homodimers with free non-
interacting extracellular domains but with protein-protein contacts in the
cytoplasmic domains (Fig 7.1, blue boxes) (Sarabipour et al., 2016). However,
the pre-assembled VEGFR2 homodimers and monomers are potentially in
equilibrium, and ‘empty’ homodimers without ligand are highly unstable and

relatively short-lived (Mac Gabhann and Popel, 2007).

The two forms of non-ligand ‘empty’ VEGFR2 homodimers are thus potential
intermediates that exhibit basal kinase activity that may impact on downstream
signal transduction and cellular responses (Sase et al., 2009b). The VEGFR2
monomer:homodimer ratio also is likely to also be influenced by the absolute
levels of VEGFR2 present within the cell. In the case of tetracycline-inducible
VEGFR2 expression, cell surface VEGFR2 levels could thus be relatively high,
with an increase in the cell surface pool of ‘empty’ VEGFR2 homodimers.
Furthermore, one likelihood is that the role of VEGF-A ligand is to induce VEGFR2

monomer dimerisation (Fig. 7.1 orange box), and stabilise pre-existing VEGFR2
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Figure 7.1. Proposed mechanism of VEGFR2-VEGF-A activation. The
VEGFRSs on the plasma membrane exist mostly as monomers and preassembled
ligand-free dimers. This is via contacts in the extracellular domain and
cytoplasmic domains (blue boxes). The VEGFR2 ligand-free dimers constitute
~10-50% of the pool and transautophosphorylate each other but are highly
unstable and short-lived. Addition of VEGF-A ligand causes dimerisation of the
extracellular domain, tyrosine phosphorylation in the cytoplasmic domain and
VEGFR2 complex stabilisation (orange box).
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homodimers. It was previously thought that the only major role of VEGF-A is to
dimerise two VEGFR2 monomers to promote kinase activation; however, VEGF-
A is likely to play more complex roles in homodimer stabilisation, conformational

changes and protein-protein contacts within the VEGFR2 complex (Fig. 7.1).

7.1.2. Future work

There are still numerous questions to be addressed, similar studies are needed
for VEGFR1 and VEGFR3 to understand their mechanistic insights. The
proteolysis of VEGFR1 needs to be addressed before it can be purified for
biochemical and structural studies (Farady and Craik, 2010, Zhang et al., 2001).
Of note, it is of interest whether purified full-length VEGFR1 exhibits homodimer
and heterodimer and formation with VEGFR2. Previous studies indicate that
VEGFR1-VEGFR2 heterodimers exist and have functional signalling roles
(Cudmore et al., 2012).

The major barrier for detailed structural studies on VEGFR2 was the lack of
sufficient quantities of pure recombinant VEGFR2. Each purification prep required
10-20 grams of HEK293 cells, where the growth of these semi-adherent cells was
highly time-consuming and a critical limiting factor. It would be beneficial to adapt
the HEK293 cells into stirrer or suspension cultures to perform large scale
VEGFR2 purifications to increase quantity and quality of purified protein
(Portolano et al., 2014, Hunter et al., 2019).

7.1.2.1. Alternate detergents

It could be beneficial to explore more detergents for solubilization. There is a huge
option of non-ionic detergents such as n-Decyl-B-D-Maltopyranoside (DM), n-
Octyl-B-D-Glucopyranoside (OG) and n-Dodecyl-N,N-Dimethylamine-N-Oxide
(LDAO) which are compatible with negative stain EM and cryo-EM studies.
Alternatively, DDM and other non-ionic detergents can be used in combination
with lipid analogues such as cholesteryl hemisuccinate (CHS). CHS is a
cholesterol derivative that can be used to stabilise and incorporate membrane

proteins into detergent micelles (Thompson et al., 2011).
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7.1.2.2. VEGFR2 glycosylation

Further glycosylation studies could be performed on VEGFR2 to further
characterise the N-glycosylation of the recombinant protein. Our recombinant
purified VEGFR2 is heavily N-glycosylated but the functional role(s) of such
modifications is poorly understood (Ferreira et al., 2018, Chandler et al., 2017).
Therefore, we could further characterise the N-glycosylation sites on endothelial
and HEK293-derived VEGFR2 using glycosidases and mass spectrometry. This
would give us information about VEGFR2 N-glycan heterogeneity and possible

effects on RTK activation and signalling (Chandler et al., 2017).

7.1.2.3. Tyrosine kinase inhibition using small molecules

We know that aberrant angiogenesis triggered by VEGFRs promotes various
types of cancers (Cebe-Suarez et al., 2006). There are numerous small molecule
VEGFR inhibitors in phase I, Il and Il clinical trials for treating cancer and other
vascular disease states (Zirlik and Duyster, 2018, Qin et al., 2019). Our HEK293-
VEGFR cell lines could be used for rapid screening of small molecule tyrosine
kinase inhibitors. More importantly, the purified VEGFRs could be used for
screening of ATP competitive inhibitors with ATP and rapidly map binding sites

and inhibitory mechanisms of action.

7.1.2.4. Protein-protein interactions in the VEGFR2 homodimer

VEGFR2/VEGF-A binding to Ig-like domains 2 and 3, induces dimerization which
further triggers homotypic contacts between Ig-like domains 4 and 7 (Hyde et al.,
2012b). Our negative stain EM class averages have also shown contacts between
regions of domains 2, 3, 4 and 7. We could further explore to understand the
detailed role of each Ig-like domain in dimerisation and activation by site-directed
mutagenesis of VEGFR2. We could study if the introduction of point mutations
interferes with the VEGFR2/VEGF-A ligand-binding interface, thereby preventing
dimerisation and kinase activation. We can also potentially explore the
possibilities converting VEGF-A into an antagonist for VEGFR2 (Fuh et al., 1998).
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Mutation of cytoplasmic tyrosine residues would provide insights into VEGFR2
signalling, trafficking and turnover. It is likely that different VEGFR2
phosphotyrosine residues are associated with different cellular responses to
VEGF-A. Therefore, mutation of individual VEGFR2 tyrosine residues such as
Y951, Y1175 and Y1214 to phenylalanine (F), could be performed within the
HEK?293 expression system to further understand the contribution of each residue

to cellular responses.

7.2. Lipid particle and LOX-1 scavenger receptor study

The study presented here shows that the LOX-1 scavenger receptor specifically
binds to OxLDL but not nLDL particles. We've also identified and showed a key
structural difference between the nLDL and OxLDL. Therefore, based on our
studies in Chapter 6 we propose a mechanism for OxLDL recognition by the LOX-

1 scavenger receptor.

7.2.1. LOX-1 binding to OxLDL

The structure of native LDL, its binding mechanism to LDLR and physiology are
well-studied (Jeon and Blacklow, 2005). Our 3-D structural model of OXLDL is the
first work in this area. Based on our study we propose a mechanism for LOX-1
binding to OxLDL in the context of atherosclerotic plaque formation (Fig. 7.2). The
nLDL particles carry cholesterol and lipids to tissues that require phospholipids
and fuel for homeostasis and survival. The excess LDL in the bloodstream
proceeds to the liver, binds to the LDLR on hepatocytes and gets internalised for
recycling or metabolised and excreted (Wattis et al., 2008, Sirinian et al., 2005)
(Fig 7.2, left blue panel). The ApoB-100 protein component (of nLDL) is
recognised by LDLR, with two binding epitopes mapped on ApoB-100 (residues
3147-3157 and 3359-3367) which enable endocytosis (Sakamoto and
Rosenberg, 2011). On the other hand, excess LDL in the bloodstream can be
accumulated in arterial walls operating at high blood pressure where it undergoes
oxidation by reactive oxygen species (ROS) generated by cells in the endothelium
and vascular smooth muscle (Fig 7.2, orange panel step 1). This is well-studied

and documented (Rafieian-Kopaei et al., 2014).
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Figure 7.2. LDL fate and metabolism. Under normal physiological conditions,
excess LDL proceeds to the liver and the LDLR receptor expressed on
hepatocytes binds and helps internalisation and breakdown of LDL in lysosomes
(blue panel). In atherosclerosis, excess circulating LDL enters into the
subendothelial layer in arterial beds and becomes oxidised by ROS. LDL
oxidation lead to tighter packing of phospholipids and unravels the inaccessible
domains of ApoB-100 which are then recognised by LOX-1 scavenger receptor
on macrophages (orange panel). This leads to OxLDL binding and uptake by
macrophages and subsequent conversion into foam cells which eventually
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The average dimensions of nLDL (~250 A x ~240 A x ~166 A) (Ren et al., 2010c)
compared to OXLDL (~228 A x ~210.7 A x ~157 A) obtained from our study using
3-D reconstructions indicate an increase in particle density but decrease in
lipoprotein size upon oxidation. Therefore, we propose that oxidation leads to
more tighter lipid packing in OxLDL (Fig 7.2 orange panel steps 2 and 3). This
could promote increased exposure of ApoB-100 on the OXxLDL, thereby
unravelling hitherto inaccessible or cryptic binding epitopes for LOX-1. We predict
that the LOX-1 binding domain and LDLR binding domains on ApoB-100 are
positioned closely in adjacent regions. The LOX-1 expressed on different vascular
cells recognises and binds OxLDL via a newly accessible epitope on ApoB-100
due caused by conformational rearrangements caused by oxidation (Fig 7.2,
orange panel step 4). Upon binding to LOX-1 on macrophages, the OxLDL
particle undergoes endocytosis which leads to the development of the foam cell,
which is a key event in atherosclerosis (Singh et al., 2002).

7.2.2. Future work

We predict that LOX-1 binds to the oxidised ApoB-100 protein component within
OxLDL, similar to LDLR-mediated recognition of LDL. However, further
biochemical and structural studies are needed to explore the role of
carbohydrates and lipids in LOX-1-mediated recognition of OXLDL. Furthermore,
using mass spectrometry and hydrogen-deuterium exchange (HDX) analysis

could be used to map specific binding sites for LOX-1 on ApoB-100 and OxLDL.

7.2.2.1. Glycoproteomics study to map the LOX-1 binding sites

There are studies that show that oxidation of lipoproteins also effect the
glycosylation profile of ApoB-100 (Meraji et al., 1992). It is likely that the ApoB-
100 has N-linked and O-linked glycans which also contribute to LOX-1 recognition
and binding. It is also essential to compare glycan contribution to ApoB-100-
mediated binding to nLDL and OxLDL (Harazono et al., 2004, Clerc et al., 2016).
This could be studied using specific proteases such as endoproteinase AspN,
endoproteinase Glu-C, endoproteinase Lys-C and trypsin for digestion of OxLDL,
followed by OXLDL-LOX-1 binding studies and re-purification (using SEC).



191

Trypsin digestion followed by LC-MS/MS combined with collision-induced
dissociation (CID) could allow us to map protein and glycol-peptide identity
(Harazono et al., 2004).

7.2.2.2. Other LOX-1-linked molecular determinants on OxLDL

We think that the nLDL is less compact (and larger) with a more relaxed lipid
distribution, whereas OxLDL is more densely lipid packed. However, recent
studies have shown that nLDL can be further categorized into multiple sub-
classes based on lipid size and density distribution. These studies suggest that
small and dense LDL particles get oxidized very quickly compared to less
compact large buoyant LDL, additionally the small LDL also easily penetrates into
the arterial wall to form deposits (lvanova et al., 2017). Therefore, it is worth
fractionating the native LDL based on size and density into different sub-classes
and perform oxidation and binding studies with LOX-1. We know that not all LDL
sub-classes undergo oxidation equally (Levitan et al., 2010, Pirillo et al., 2013a).
Such work would potentially help us understand if all oxidised LDL sub-classes
equally bind to LOX-1 irrespective of size or if there is any distinct category that

specifically recognise and bind to LOX-1.

7.2.2.3. Structural approaches on LOX-1 binding to OxLDL

Cryo-EM has limitations in analysing heterogeneous lipid particles and it is not
possible to achieve high resolution models (Lyumkis, 2019). Therefore, to better
understand the 3-D model of OXLDL that has been generated in this work, cryo-
electron tomography could be used. The density map of each lipoprotein particle
can be constructed by an individual-particle electron tomography (IPET)
reconstruction method (Yu et al., 2016, Meister and Blume, 2017). The 3-D
reconstruction can also be used to examine OxLDL and LOX-1 interactions at
different temperatures, which impact on lipid phase transition and lipid packing
(Prassl, 2011).
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7.3. Concluding remarks

In conclusion, this study has provided insights into creating stable mammalian
expression cell lines for VEGFRSs, their purification and structural analysis of
VEGFR2 using negative stain EM. The VEGFR2 expression model will now
provide a framework for numerous future studies. Our study was the first to
investigate the structure of full-length recombinant VEGFR2 using negative stain-
EM. Even though we could not resolve a complete structural model of full-length
VEGFR2, our study has provided insights into the VEGFR2-VEGF-A mechanism
on the cell membrane. Furthermore, this work has also shown differential
activation of VEGFR2 receptor, its modulation in different states on the cell
membrane against the widely accepted “one structure model”. Finally, we believe
that to target and inhibit the VEGFR2 receptor, especially to hinder the signaling
outcomes regulated by preassembled non-ligand bound dimers, targeting the
VEGFR2 kinase domain using small molecule inhibitors approach would produce
more positive therapeutic outcomes compared to inhibition in extracellular domain

by protein based-therapies.

Furthermore, studies on LOX-1 and OxLDL over 20 years have vyielded little
insight into the exact mechanism of recognition. However, our studies in this
thesis has now provided, for the first time, a 3-D model of the OXLDL particle. This
work has also provided new insights into LOX-1 scavenger receptor-mediated
recognition of OxLDL. Finally, understanding the interactions of LOX-1 and
OxLDL at a molecular level by identifying the binding epitopes on both ApoB-100
and LOX-1 which potentially interact with each other would help us pave the way

for new drugs and therapies for the treatment of atherosclerosis.
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APPENDIX
Supplementary Tables

Table B1. List of proteins identified using tryptic digestion and mass spectrometry
on band B (Figure 4.9A).

Protein Accession  Coverage (%) gpeptides PTM Avg. Description
ID Mass
1 014744]1ANM5 HUMA 651 73 Y 72684 Protein arginine N—methyltransferase 5
N 0OS=Homosap iens GN=PRMT5 PE=1
- Sv=4
173 PODMVEJHS71A HUM 28 17 vy 7005y Heatshock70 kDa prolein 1A OS=Homo
AN =HSPATA PE=1 SV=1
174 PODMVOIHS71B _HUM 28 17 y 70052 eatshock70 kDa protein 18 OS=Homo
AN =HSPA1B PE=1 SV=1
2 P23588|IF4B HUMAN 12 8 N 69151 Eukaryotic translation initiation factor 4B
0S=Homos apiens GN=EIF4B PE=1
sv=2
175 P11142HSP7C_HUM 13 7 Y  708gg Heatshock cognate 71 kDa protein
AN 0OS=Homosapien s GN=HSPAS8 PE=1
- Sv=1
6 QYBQAI1MEPS0 HUM 22 6 N 36724  Methylosome protein 50 OS=Homo
— AN sapiens GN=WDR 77 PE=1 5V=1
11 P02768JALBU_HUMA 5 3 N 69367 Serum albumin 0S=Hormo sapiens
N =
Total 7 proteins

Table B2. List of proteins identified using tryptic digestion and mass spectrometry
on band C (Figure 4.9A).

Accession  Coverage (%) gpeptides PTM - Description

180  PBO709JACTB HUMA 10 3 N 41737 Actin cytoplasmic 1 9SHomo sapiens
N =1 5V=1
181  P63261]ACTG HUMA 10 3 N 41793 Actin, cytoplasmic 2 OS=Homo sapiens
N GN=ACTG1P E=18V=1
183 P14678|RSMB_HUMA 6 2 N 24610 Small nuclear nbonucleoprotein—
N associated proteins B and B' OS=Homo
- sapiens GN=SNRPB PE=1 SV=2
184 P63162|RSMN HUMA 6 2 N 24614 Small nuclear ribonucleoprotein—
N associated protein N OS=Homo sapiens
— GN=SNRPN PE=1 5V=1
78 Q12802]AKP13 HUM 0 2 N 307550 A-kinase anchor protein 13 OS=Homo
AN sapiens GN=A KAP13 PE=1 5V=2
Total 5 proteins
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APPENDIX

Supplementary Tables

Table B3. List of proteins identified using tryptic digestion and mass spectrometry
on band B (Figure 4.10A).

Protein - Coverage - #Spec Avg. P
D Accession %) C #Peptides C PTM Mass Description
Protein arginine N-methyltransferase 50S=Homo
1 O14744|ANMS_HUMAN 19 12 12 N 72684 sapiens GN=PRMT5 PE=1 SV=4
Eukaryotic translation initiation factor 4B0S=Hom o
P23588|IFAB_HUMAN .
2 P23588|IF4B_HUMAN 14 9 12 N 69151 sapiens GN=EIF4B PE=1 SV=2
3 P136451K1C10 HUMAN 10 5 6 N rago7 Keratin, type | cytoskeletal 10 OS=Homosapiens

GN=KRT10 PE=1 SV=6

Keratin, type Il cytoskeletal 1 0S=Homo sapiens
4 P04264|K2C1_HUMAN 8 5 5 Y 66039 GN-KRT1 PE=1 SV=6

Total 4 proteins

Table B4. List of proteins identified using tryptic digestion and mass spectrometry
on band C (Figure 4.10A).

Pmtl*[’)i" Accession Co:;r:lage #Peptides #Spgc PTM l?:sgs Description
5 P11171]41 HUMA 4 3 3 N 9701 Protein 4.1 OS=Homo sapiens
N 7 GN=EPB41 PE=1S V=4
6 QIBQA1IMEPS0 H 6 2 2 N 3672 Methylosome protein 50 OS=Homo
UMAN 4 sapiens GN=W DR77 PE=1 SV=1
11 P02768/ALBU HU 2 2 2 N 6936 Serum albumin OS=Homo sapiens
MAN 7 GN=ALBPE=1 5V=2
32 Q8NHM4|TRY6S HU 11 3 3 y 253 Putative trypsin-6 OS=Homo sapiens
MAN 7 GN=PRSS3P 2 PE=5 Sv=2
Trypsin-3 O5=Homo sapiens
33 P35030[TRY3 HU 9 3 3 Y 3252 CREPRAS3 PES SV P
MAN 9 =2
total 6 proteins




